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Physiological Parameters Affecting the Chemosensory
Response of Tetmhymena

UFFE KOPPELHUS 1

, PER HELLUNG-LARSEN 2
, AND VAGN LEICK

Institute ofMedical Biochemistry and Genetics, Department B, The Panwn Institute,

University of Copenhagen, Blegdamsvej 3, 2200 Copenhagen N. Denmark

Abstract. We have investigated the significance of a

number of physiological parameters in the preparation of

cells for experiments on chemokinesis in Tetrahymena.

The study comprises ( 1 ) growth state of the cells, (2) com-

position of the starvation medium, (3) concentration of

cells during starvation, (4) oxygen saturation of the star-

vation medium, (5) temperature during starvation, and

(6) starvation period. By controlling the physiological state

of the cells, we significantly improved the reproducibility

of the results obtained in assays for chemokinesis in Tet-

rahymena. In short, cells optimal for chemokinesis at an

assay temperature of 28C should be starved from the

exponential growth phase in a concentration below 2 X

10
5
cells mP 1

for 10-20 h. The surface-to-volume ratio

of the starvation medium water or Hepes buffer

should be about 5 cm" 1

(or more) to ensure more than

95% oxygen saturation of the starvation medium. Maxi-

mal chemosensory responses were obtained if the cells

were starved at 21C. The chemokinetic potential of the

cells decreased significantly, as did the levels of the ratio

of ATP to ADP, if cells were starved at higher tempera-

tures. A tentative correlation between the ATP level in

the cells and the chemosensory potential of the cells has

been found. We suggest that chemokinesis is a constant

quality of Tetrahymena. because we found no sign that

prolonged starvation or other changes applied to the cells

produced an up-regulation of the chemosensory response.

Apparently, starvation is obligatory only to remove the

growth medium (which is itself a very potent attractant),

thereby making the cells sensitive to the chemoattractants.

Received 2 September 1993: accepted 27 May 1994.
'

Present address: The Danish Cancer Society. Department of Virus

and Cancer, Gustav Wieds Vej 10. DK-8000 Aarhus. Denmark.
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Introduction

Chemosensory responses to chemical attractants and

repellants are a phenomenon of importance in most cells.

Among the ciliate protozoa, chemokinesis has been much

studied in genera such as Parameciiim, Blepharisma, and

Tetrahymena (Van Houten et al., 1981; Leick and Hel-

lung-Larsen, 1992). Tetrahymena exhibits positive che-

mokinesis towards certain peptide hormones and cyto-

kines that also induce positive chemokinesis in specific

animal cell types such as leucocytes, muscle cells, and

dermal fibroblasts (see review by Leick and Hellung-Lar-

sen, 1992). Furthermore, Tetrahymena is a useful model

cell for electrophysiological investigations of chemore-

ception (Ueda and Kobatake, 1977, Tanabe et al., 1980).

Various bioassays for chemokinesis have been applied

to Tetrahymena, but the results have not been consistent,

and day-to-day variations have been reported in many
studies (Almagor et al., 1981; Levandowsky et al., 1984;

Hellung-Larsen et al., 1986; Leick et a!., 1990). We un-

derstood that the chemosensory sensitivity of the cells

must be dependent on their physiological conditions, but

the relationship was obscure.

Tetrahymena is readily obtainable in axenic cultures,

and the physiological parameters characterizing popula-

tions of dividing and nondividing Tetrahymena have re-

cently been described (Hellung-Larsen et al., 1993). We
therefore used such cells in a systematic examination of

starvation and assay conditions. We have elucidated the

relative importance of the physiological parameters in-

volved in the preparation of cells for experiments on che-

mokinesis in Tetrahymena. Furthermore, we have tested

a number of physiological conditions not previously con-

trolled in this kind of experiment. Our conclusions about

the chemosensory behavior of Tetrahymena may be ap-

plicable to other organisms.
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Materials and Methods

Cell cultures

Tetrahymena thermophila strain B7 was grown axen-

ically in PY medium: 0.75% proteose peptone (Difco),

0.75% yeast extract (Difco), 1.5% glucose. 1 mA/MgSO4 ,

50 nAfCaC\2 , and 100 n.\I ferric citrate. The PY medium
was diluted to '/3 in water prior to use. Fifty-milliliter cul-

tures of B7 cells were grown at 35C in 500-ml Fernbach

flasks. The cultures were kept unshaken to avoid cell di-

vision stress (Hellung-Larsen and Lyhne, 1992). Cells in

exponential growth phase were used to inoculate the cul-

tures to a concentration of about 10
4
cells ml" 1

. Transfer

to starvation medium was performed after 16-20 h at a

cell density of about 8 X 10
5
cells mP 1

(late exponential

growth phase) or 40-50 h at a cell density of approxi-

mately 1.3 X 10
6
cells ml" 1

(early stationary phase). For

starvation, the cells were collected by centrifugation at

500 X g for 3 min and then gently resuspended in the

applied starvation medium (10 mAt Hepes or deionized

water). After starvation, the cells were used in the assay

without further handling (resupension, dilution, etc.). All

materials and media involved in the growth and starvation

of the cells were sterilized by pressure sterilization (2 atm,

120C, 30 min). Cell concentration and cell volumes were

estimated with the aid of a Coulter Multisizer, as previ-

ously described (Hellung-Larsen and Andersen, 1989).

Oxygen tension

Oi tension was measured by use of a microelectrode

(WTW, Weilheim, Germany) or an acid-base analyzer

(Radiometer ABL 30, Copenhagen) and expressed in per-

centage of maximum saturation in distilled water at 21 C.

A TP and ADP determinations

The ribonucleotides were analyzed by the high-perfor-

mance liquid chromatography ( HPLC) technique. A neu-

tralized cellular PCA extract (100-200 //I) was applied to

a strong anion exchange column (Partisil-10 SAX, 2 mm
</>
X 200 mm, Whatmann, Clifton, NJ). The column was

eluted for 1 1 min with 0.005 A/KH :PO4 , pH 5.5. followed

by a gradient for 14 min to 0.25 M KH 2PO4 pH 4.5; an

isocratic period was allowed for 10 min, and the column
was re-equilibrated with the starting buffer before a new

sample was added. The absorbancy at 254 nm was re-

corded, and the peaks were automatically integrated. Fur-

ther details of the procedure are described elsewhere ( Kle-

now and Ostergard, 1988). All PCA extractions were per-

formed in duplicate and the standard error of the obtained

pool sizes of ribonucleotides was less than 5%.

Swimming speed

Swimming speeds were determined in the laboratory

of Professor Donat-P. Ha'der, Friedrich-Alexander Uni-

versitat, Erlangen, Germany. About 2 ml of cell suspen-
sion was gently pumped into a circular vertical observation

chamber positioned on a microscope, and the cell move-
ment was recorded by a CCD video camera (LDH 600,

Philips, Hamburg). A computerized analysis of swimming
speeds was performed (Hader and Lebert, 1985). Each
estimation was based on 2000 tracks or more, and the

standard deviations were less than 10%.

Capillary assay

A capillary technique with single glass capillaries was

used. Heparinized glass capillaries (75 mm long, inner di-

ameter 1.1-1.2 mm) were filled with test solution, and

one end of the capillary was sealed with wax. The capillary

was placed horizontally through a sealed hole into the jar

containing the cell suspension, and the open end of the

capillary was brought in contact with the cell suspension.

The assays were incubated for 45 min at 28C. All ex-

periments were carried out in quintuplicate. After incu-

bation, the number of cells accumulated in the capillaries

was determined by microscopic counting. Each capillary

was emptied into a small test tube and 2 n\ of an 0.2%

aqueous solution of crystal violet was added to each sam-

ple. Subsequently, cells from 2 X 1.8 /ul of each sample
were counted in a hemacytometer. The cell concentrations

in the capillaries are expressed as a percentage of the cell

concentration (of the cell suspension) used in the partic-

ular assay.

Experimental setup

The basic experimental design is shown schematically

in Figure 1 . Exponentially growing cells or cells grown to

the early stationary phase were transferred to starvation

medium at a concentration of exactly 5 X 10
4
cells ml 1

.

The cell suspension was divided into aliquots as follows:

50 ml in each of four 500-ml Fernbach flasks (a); 80 ml

in each of four 250-ml Ehrlenmeyer flasks (b): 80 ml in

each of four 100-ml Ehrlenmeyer flasks (c): and finally,

four 100-ml Ehrlenmeyer flasks filled to the top with the

cell suspension (d).

The surface-to-volume ratios (S/V) were calculated to

be 4.8 cm" '(a), 0.6cm
'

(b), 0.2 cm '

(c), and 0.03 cm"'

(d). As indicated in Figure 1, one of each "starvation sys-

tem" was incubated for starvation at 15, 21, 28, and

35C. The chemosensory response and a number of

physiological parameters were determined after 16 h of

starvation (16 h was chosen because initial experiments

had revealed this period of starvation to be optimal: nev-

ertheless, we reinvestigated the importance of starvation

and starvation period once the other variables were in-

vestigated, as described in the Results section titled Star-

vation period). The whole experiment was performed four

times; a representative experiment is shown in Table I.
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15 C

35 C

1 ) O2 tension

2)pH

3 ) Cell number

4 ) Cell volume

5 ) ATP / ADP content

6 ) Chemoattraction

7 ) Swimming speed

a) !b) (c ) ( d )

B C
Figure 1. The experimental setup giving rise to different oxygen tensions (a. b, c, d). Cells grown at

35C in Fernbach flasks (A) were transferred to starvation at a cell concentration of 5 X 10
4

cells ml" 1

.

Initially, Hepes-KOH buffer. pH = 7.4. was used as the starvation medium. The cell suspension was divided

into the following aliquots: 50 ml in each of four 500-ml Fernbach flasks (a), 80 ml in each of four 250-ml

Ehrlenmeyer flasks (b), 80 ml in each of four 100-ml Ehrlenmeyer flasks (c), and four 100-ml Ehrlenmeyer

flasks filled to the top with the cell suspension (d). As indicated in (B), the cells were incubated in the

starvation medium at 15, 21, 28, and 35C. respectively. The chemoattraction and a number of physi-

ological parameters were determined after 16 h of starvation (C). The results of a representative experiment

are summarized in Table I.

For the quantitative analysis ofthe chemosensory response

ofthe cells, we used a capillary assay as illustrated in Figure

2. Proteose peptone (PP) in a concentration of 1 mg mP 1

was used as the attractant. All cell suspensions were

maintained at 28C for half an hour before the start of

the assay. The assays were incubated for 45 min at 28C.
The assay temperature was chosen in accordance with

earlier findings (Leick el al, 1990). Recent studies have

confirmed that the optimal temperature for chemokinesis

in Tetrahymena thermophila is about 28C (Koppelhus
et al.. 1994). Five assays testing the effect of proteose pep-

tone and five control assays were performed simulta-

neously. The mean values are listed in Table I and the

standard deviations were calculated and listed for some

selected measurements.

Results

We investigated the influence of the following physi-

ological parameters in the preparation of Tetrahymena
cells for experiments on chemosensory behavior: ( 1 )

growth state of the cells, (2) composition of the starvation

medium, (3) cell number during starvation, (4) oxygen
saturation of the starvation medium, (5) temperature

during starvation, and (6) starvation period.

Influence ofgrowth state ofthe cells

In the experiment summarized in Table I, cells were

starved from exponential growth phase. Essentially iden-

tical results were obtained whether cells were starved from

the late exponential growth phase or the stationary phase.

As indicated in Table I, the cell concentration increased

during starvation. We found that cells starved from log-

arithmic growth phase give rise to an increase in cell con-

centration of 10-30%, whereas cells starved from late log-

arithmic growth phase or stationary growth phase give

rise to only a small, if any, increase in cell concentration.

These findings indicate that cells at some stage of division

will complete the initiated division even after transfer to

the starvation medium.

Influence ofstarvation medium

We assumed that the pH of the medium would be af-

fected if the starvation medium had no buffer capacity.

Initially, we used 10 mM Hepes-KOH, pH 7.4 (Hepes)

for the starvation medium because we recently found that

long-term starved cells survive better in Hepes than in

10 mA/ Tris-HCl, pH 7.4 (Tris) (Hellung-Larsen et al.

1993). As shown in Table I, pH was 7.4 after starvation
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Starvation period

Previous studies have suggested that starvation of Tet-

rahymena cells was necessary to obtain a chemosensory

response (Levandowsky et a/., 1984). To investigate the

chemoattraction ofthe nonstarved cells, we used deionized

water to dilute a suspension of exponentially growing cells

from a concentration of 6 X 10
5
cells ml" 1

to a concen-

tration of 5 X 10
4
cells ml" 1

. Subsequently, we tested these

nonstarved cells in the capillary assay and found a re-

sponse toward PP of 85% and a background level of only
1%. These lower values of accumulation in comparison
with cells starved for 16 h may be due to a competitive

chemoattractive effect from the leftover growth medium
within the cell suspension the growth medium is itself

a potent chemoattractant because of its PP content. This

was further confirmed (results not shown) by the fact that

addition of growth medium (or PP) to suspensions of

starved cells suppressed the accumulation of cells in the

assay according to the concentration ofthe added medium

(or PP).

In another experiment, cells were starved at 5 X 10
4

cells mr 1

at 21C in deionized water with an S/V of

4.8 cm" 1

, and aliquots of the cell suspension were tested

in the capillary assay after starvation for 1 day (16 h),

3 days, 5 days, and 7 days. The responses toward PP

(1 mg/ml) were found to be 100 7%, 92 4%, 71

5%, and 59 2%, respectively. The accumulations in

the respective control assays were 1 1 2%, 9 2%, 5

1%, and 4 1%. That is, the accumulation in the

assays (both with and without PP) gradually decreased

as the starvation of the cells proceeded. This effect may
be a simple consequence of the gradual decrease in

swimming speed known to take place during starvation

(Hellung-Larsen et a/.. 1993).

Discussion

The main purpose of this study was to determine the

optimal physiological conditions for chemoattraction

studies with Tetrahymena. The data obtained suggest that

the cells should be starved for about 16 h at about 2 1 C,

and that the surface-to-volume ratio of the cell suspension
should be no less than 4.8 cm"'. Furthermore, the cells

should be starved at a concentration below 2 X 10
5
cells

mr'. Deionized water proved to be a suitable starvation

medium. Subsequent studies have revealed that cells

starved in this way are indeed suitable for the detection

of even weak attractants such as certain amino acids and

peptides (Koppelhus et a!.. 1994).

We did not find the increase in swimming speed ob-

served by Nelsen and Debault (1978) in response to star-

vation. Some explanation for this discrepancy may be

that Nelsen and Debault used "Dryls medium" containing
2 mA/ of CaCl ; for the starvation medium. CaCN at this

concentration is known to hyperpolarize the cells, making
them swim faster and more smoothly (Machemer, 1 989).

Jauker and coworkers found a rate of decrease in ATP
pools in Tetrahymena of 1-3 nmol h" 1

after cells were

transferred to starvation at room temperature (Jauker et

ai. 1986). Our results seem to confirm these findings.

Furthermore, the ATP decrease during starvation seems

to be closely correlated to the applied temperature. When
using cells starved at 21, 28, and 35C, we found an

interesting correlation between the ATP pools of the cells

and their chemosensory responses. Higher levels of ATP
gave better chemosensory responses than did low levels.

The correlation is not straightforward, however, because

cells starved at 15C had similar chemosensory responses
to cells starved at 21C, even though they have larger

pools of ATP.

We suggest that the nonoptimal responses obtained us-

ing nonstarved cells are due to a competitive effect of

chemoattractants within the cell suspension. It might be

preferable if cells were deprived of growth medium with-

out any period of starvation (and consecutive loss of ATP).
This might be done by applying an electric field to a cell

culture and separating the cells from the medium by
means of galvanotaxis.

We found no obvious sign of an up-regulation of the

chemosensory response after prolonged starvation. This

seems to indicate that the ability for chemosensory be-

havior in Tetrahymena is a constant quality of the cells

and that starvation is obligatory only to remove the growth
medium, which is a very potent chemoattractant. Fur-

thermore, a certain period of starvation seems necessary
for the cells to overcome the stress (ciliary damage, etc.)

of being centrifuged. Without the possibility of completely

separating growing cells from their medium in a manner
that does not affect the cells, it seems impossible to further

investigate the importance of short-term starvation on the

chemosensory response of the cells.

The augmented responses observed when hypoxic cell

suspensions were assayed suggest that Tetrahymena

may exhibit a positive aerotactic behavior. Aerotactic

responses are observed in a number of protozoa and

bacteria and may be of vital importance in the survival

of motile microorganisms (see review by Levandowsky
and Hauser, 1978).

The results presented in Table I demonstrate that signal-

to-noise ratios can be misleading as a quantitative mea-

surement of the chemosensory response; thus, they must

be considered inadequate if the cell material is not strictly

standardized and controlled. Identical cells should be used

in assays for the comparison of attractants.

Considering the capillary assay used for this study,

we found that even with optimal cell material, the assay

should be performed in at least quintuplicate to ensure

statistical significance. This makes it difficult to test
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more than a few samples at a time. For the purpose of

testing a large number of samples, we have developed

a sensitive and easy-to-perform spectrophotometric as-

say, which is described in the accompanying paper

(Koppelhus ct ai. 1994).
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Abstract. This paper presents a quantitative and sen-

sitive assay for the measurement ofchemosensory behav-

ior in Tetrahymena. The two-phase assay is easy to per-

form in large quantities, so a variety of compounds can

be screened under comparable conditions. A suspension

of 2 X 10
5
cells ml" 1

(the upper phase) is starved for 20-

40 h and then gently placed on top of a 5% solution of

Metrizamide (the lower phase) in a disposable microcu-

vette. The optical density of the lower phase is monitored

at 600 nm with an automated spectrophotometer at se-

lected time points. Optimum sensitivity of the assay is

achieved when the cells slowly but continuously enter the

lower phase, so that about 5% ofthem will be in the lower

phase within 30 min. Optimal chemosensory responses

occurred in Tetrahymena thermophila at about 25 C. The

response was delayed at 15C and markedly reduced at

35 C. The data suggest three bases for quantifying the

response in the assay: ( 1 ) initial slope of the absorbance

vers!<s time; (2) final maximal absorbance within the time

period of measurement; and (3) signal-to-noise ratio (S/

N) at a fixed time. We have quantified in terms of S/

N the chemosensory responses in Tetrahymena for the

following compounds: /3-endorphin, fibroblast growth

factor, insulin, and platelet-derived growth factor (PDGF);
these substances were active in nanomolar concentrations,

and the maximal S/N was between 3 and 5.1. Acetylcho-

line was active only in millimolar concentrations; maxi-

mal S/N was 4. 1 at 1 mAI. Glutamic acid, glutamine, gly-

cine, isoleucine, leucine, methionine, phenylalanine, pro-

line, serine, threonine, tryptophan, and valine were active

in millimolar concentrations, with S/N between 1.5 and
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2.5. We found S/N equal to 9.6 for a mixture of ammo
acids (1 mM of each amino acid). Furthermore, if PDGF
was added to the mixture of amino acids, the S/N in-

creased to 1 1.3. Proteose peptone at a concentration of

1 mg ml '

produced a strong response, with S/N equal

to 17.5. The assay is also suitable for the detection and

quantification of repellents. We found that 20 mAI K.C1,

1 mM 4-nitroaniline (4-NA). and 100 nM 2,4-dinitro-

aniline (2,4 DNA) each almost completely prevented the

cells from migrating into the lower phase. The minimum
concentrations of significant repellent effect using these

substances were 500 nM, 1 nM. and 50 nM, respectively.

Introduction

Several assays have been proposed for the measurement

of chemokinesis in Tetrahymena, including capillary as-

says (Almagor et ai, 1981; Leick and Helle, 1983; Lev-

andowsky et ai, 1984), modified Zigmond chambers

(Leick. 1988; Hellung-Larsen et ai. 1990), field assays

(Hellung-Larsen et ai. 1986), and a membrane filter assay

(Leick et ai. 1990). A common feature has been the time-

consuming and labor-intensive setup of the assays, in-

volving large volumes of cell suspension and microscopical

or electronic counting of the cells. None of the assays

have been useful for testing more than a few samples at

a time, so precise and direct comparisons ofmany samples

at the same time have been difficult to perform. Because

of its chemosensory sensitivity to certain anilines and

phenols, Tetrahymena has been proposed as a test organ-

ism in the screening of industrial aquatic pollutants (Berk

et ai, 1990; Pauli and Berger, 1992). Therefore, a sensitive

and easy-to-perform assay for chemokinesis in Tetrahy-

mena will increase the usefulness of this organism in the

area of aquatic ecotoxicology.

To make a detailed examination and comparison of

the kinetics of the chemosensory response of Tetrahymena
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at different experimental conditions, an assay that pro-

duces precise time-response curves must be established.

Indeed, none of the existing assays yielded more than a

few points of the time-response curve of the chemosensory

response of Tetrahymena.

Recently we found that control of the physiological state

of the cells improved the reproducibility and sensitivity

of a capillary assay for chemokinesis in Tetrahymena

(Roppelhus el al, 1994). Encouraged by these results, we

have reinvestigated the two-phase assay that was intro-

duced in 1986 as a semiquantitative method (Hellung-

Larsen ct al.. 1986). A quantitative assay with high sen-

sitivity was then developed as described here.

Materials and Methods

Cell cultures

Tetrahymena thermophila strain B7 was grown axen-

ically in PY medium: 0.75% proteose peptone (Difco),

0.75% yeast extract (Difco), 1.5% glucose. 1 mM MgSO4 .

50 /iA/CaCk and 100 /iM ferric citrate. The PY medium

was diluted with water to lh prior to use. Fifty-milliliter

cultures of B7 cells were grown at 35C in 500-ml Fern-

bach flasks. The cultures were left unagitated to avoid cell

division stress (Hellung-Larsen and Lyhne, 1992). Cells

in exponential growth phase were used to inoculate the

cultures to a concentration of about 10
4
cells ml" 1

.

Transfer to starvation was done after 1 6-20 h at a cell

density of about 8 X 10
5

cells ml '

(late exponential

growth phase) or 40-50 h at a cell density of approximately

1.3 X 10
6
cells ml" 1

(early stationary phase). For starva-

tion, the cells were collected by centrifugation at 500 X g
for 3 min and then gently resuspended in deionized

water to a cell concentration of approximately 1.5

X 10
5
cells ml" 1

. The cells were starved at 21C in 500-

ml Fernbach flasks containing, at a maximum, 50 ml of

cell suspension each. This ensured a constant maximal

oxygen saturation of the suspensions of starving cells

(Koppelhust'/a/.. 1994).

Cell concentration and cell volumes were determined

with the aid of a Coulter Multisizer, as previously de-

scribed (Hellung-Larsen and Andersen. 1989).

Chemoattraction assays

Capillary assay. A capillary technique with single glass

capillaries was used. Hepannized glass capillaries (75 mm
long, inner diameter 1.1-1. 2 mm) were filled with test

solution, and one end of the capillary was sealed with

wax. The capillary was then placed horizontally through

a sealed hole into the jar containing the cell suspension,

and the open end of the capillary was brought in contact

with the cell suspension. Incubation was usually for

45 min at 28C. After incubation, the number of cells

accumulated in the capillary was determined by micro-

scopical counting in a hemacytometer. All experiments

were carried out in series of five identical assays and five

parallel control assays.

Two-phase assay. The chemoattractant was dissolved

in 2-5% (w/v) metrizamide (2-[3-acetamido-5-N-methyl-

acetamido-2,4,6-triiodo benzamido]-2-deoxyglucose) in

deionized water and 1 ml was placed as the lower

phase in a disposable plastic cuvette (Plastibrand, Ger-

many, Cat. No. 759015). A 1.5-ml suspension of starved

cells was then carefully layered on top ofthe metrizamide

solution and the optical density (OD600) of the metriza-

mide phase was monitored automatically every 2 min in

a thermostated recording spectrophotometer (Shimadzu

UV-160). where six cuvettes could be monitored in par-

allel. Assays were performed at 28C, unless otherwise

stated. The assay procedure is shown schematically in

Figure 1.

The response at a given time was calculated as

OD600 of the lower phase

1.5 X (OD60o of the original cell suspension used)

X 100%

The 100% response corresponds to the theoretical situa-

tion in which all cells from the upper phase ( 1 .5 ml original

cell suspension) are equally distributed throughout the

lower phase ( 1 ml of metrizamide), thus giving rise to an

optical density 1.5 times that of the cell suspension.

We found that the OD600 ofan aqueous cell suspension

is linearly proportional to the concentration of cells, when

cells are equally distributed throughout the suspension

(Figure 2). In the assay, we found that cells when present

in the lower phase in fact tend to be equally distributed

within the phase. This is in accordance with the obser-

vations reported earlier (Hellung-Larsen el al, 1986). The

OD600 of5% metrizamide was equal to the OD600 of water.

Chemicals

Acetylcholine, amino acids, bovine serum albumin

(BSA), /5-endorphin, met-enkephalin, fibroblast growth

factor (FGF), oxytocin, and vassopressin were purchased

from Sigma. Metrizamide was obtained from NycoMed
Pharma A/S or Sigma. Platelet-derived growth factor

(PDGF; B/B) was purchased from Boehringer. Insulin

(human recombinant) was delivered from Novo Nordisk,

Denmark.

All stock solutions were prepared in deionized water,

except for platelet-derived growth factor, which was pre-

pared in an aqueous stock solution containing 0.1% BSA

(w/v). For the experiment testing single amino acids,

30 mM stock solutions of each were prepared in a 10 mM
TRIS/HC1 buffer (TRIS) at pH = 7.4 and if necessary

pH was adjusted to 7.4 with additional TRIS. The control
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Figure 1. Schematic representation of the quantitative two-phase

assay. Cells starved in a 500-ml Fernbach flask at a concentration of 1-

2 x 10
5
cells ml'

1

at a temperature of 2IC for 20-40 h are used. OD600

of the cell suspension was measured just before the experiment, using

the solution of metnzamide as reference. In this example, OD of the cell

suspension equals X (A). One milliliter of the metnzamide solution is

filled into the microcuvettes and each cuvette is blanked (B). Using a

pasteur pipette and a steady fingertip. 1.5 ml of the cell suspension is

carefully layered on top of the melrizamide (C). Immediately after the

cells are applied, the optical density of the lower phase should still be

zero (D). After 20-30 min, the OD of the lower phase containing 1 mg

proteose peptone ml' 1

will increase to about 1 .5 X, implying that virtually

all cells are now present in the lower phase (F). In the control cuvette,

the OD is only slightly increased to about 1/10 X (E).

assays in these experiments contained TRIS at the appro-

priate concentration.

The mixture of amino acids was prepared in a stock

solution composed of 10 mM of each of the amino acids

found in a synthetic medium proposed for growth of Tet-

rahymena (Rasmussen and Modeweg-Hansen, 1973).

These are DL-alanine, L-arginine, L-asparagine. L-gluta-

mate, L-glutamine, glycine, L-histidine, L-isoleucine, L-

leucine, L-lysine, DL-methionine, DL-phenylalanine, L-

proline, DL-serine, DL-threonine. L-tryptophan, and DL-

valine. The amino acid mixture was adjusted to pH = 7.4

by the addition of NaOH.

Results

In the experiment shown in Figure 3, cells from late

exponential growth phase were starved at a concentra-

tion of 1 .6 X 1

5
cells ml '

, and assays were performed

after 2, 16, 40, and 64 h of starvation using no attractant

(controls) or proteose peptone (PP) as attractant in a

concentration of 1 mg ml" 1

. The responses to PP were

significant at all four periods of starvation, whereas the

background levels (control) exhibited great variation

(Fig. 3).

No significant response to amino acids and hormones

could be detected after 2 h of starvation. After 16 h of

starvation, sensitivity to hormones and amino acids

could be observed. However, these responses were often

difficult to detect and quantify because of high and un-

stable background levels in the controls. After 40 h of

starvation, the cells were still sensitive to weak attrac-

tants and, at the same time, the background levels in

the controls became lowered and more stable, thus

making the assay more reproducible. In general, it

proved to be true that after a certain period of starvation,

the background level became low while the sensitivity

of the assay was still high. In this (optimal) situation,

cells slowly but continuously enter the lower phase

in the control assay (Fig. 3C). After 64 h of starvation,

the sensitivity to weak attractants was markedly de-

creased, and after 88 h of starvation only response to-

ward PP could be detected. Responses to PP were ob-

served even after 192 h of starvation.

The size of the background level and thus the sensitivity

of the assay could be manipulated by the concentration

of the metrizamide in the lower phase. This was true only

at 40 h of starvation. Attempts to suppress the background

levels at 16 h of starvation by increasing the concentration

of metrizamide to as much as 20% were not successful.

Similarly, increased sensitivity of the assay could not be

established by lowering the concentration of metrizamide

after 64 h of starvation.

0,2 -i

E
tz

oo
CD

Q
o

100 200

Cell concentration (
103 cells ml' 1

)

Figure 2. The relationship between OD60o and cell number in an

aqueous suspension. Careful stirring ensured equal distribution of the

cells throughout the suspension.
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Figure 3. Time-response curves after 2 h (A), 16 h (B), 40 h (C). and 64 h (D) of starvation. The ODs

of the cell suspension were 0.19, 0.20, 0.13, and 0.12, respectively, and the maximum ODs in response to

PP at a concentration of 1 mg ml~' (A) were 0. 1 8 (20 min), 0.27 (22 min), 0. 1 7 (38 min). and 0. 1 3 (24 min),

respectively. That is. the maximum absolute responses to protease peptone (PP) were 63. 92, 85, and 77%,

respectively. The background control with no attractant (D) was drastically reduced after 40 h of starvation

in comparison to the background obtained after a shorter period of starvation. The assay was sensitive to

weak attractants only between 16 and 64 h of starvation, and the most distinguishable and reproducible

quantitative determinations were obtained using cells starved for 40 h.

Cells with maximal sensitivity could be obtained within

a shorter period of starvation if cells were grown to the

early stationary phase before they were transferred to star-

vation medium. Thus, the results shown in Figure 4 and

Table I are from experiments using early stationary phase

cells starved for 24 h.

The time-response curves offer three approaches for

quantitative analysis: ( 1 ) initial slope of the absorbance

versus time, (2) final maximal absorbance within the

time period of measurement, and (3) signal-to-noise ra-

tio (S/N) at a fixed time i.e.. S/N =
1, no chemoki-

nesis; S/N < 1, negative chemokinesis; S/N > 1, positive

chemokinesis.

In the experiments shown in Figure 4 and Table I,

we tested a variety of animal peptide hormones, some

of which have previously been found to work as che-

moattractants for Tetrakymena. Table I lists the S/N's

obtained after 24 min; Figure 4 shows representative

time-response curves for a number of attractants tested.

Obviously, /^-endorphin, FGF, insulin, and PDGF all

are good attractants in nanomolar concentrations,

whereas oxytocin and vassopressin were not found to

be attractants at all. Met-enkephalin induced a signif-

icant response, but only in micromolar concentrations:

maximum S/N = 3.7 at 200 ^M. Acetylcholine was a

strong attractant in a way similar to the hormones, but

was active only in millimolar concentrations; maximal

S/N = 4.1 at 1 mM concentration.

PDGF was the most potent attractant of the peptide

hormones tested. PDGF was kept in a stock solution

of 300 nM containing 0.1% BSA. Maximum S/N of

PDGF was 5.1 at a concentration of 3 nM. At this

PDGF concentration, the concentration of BSA was

10 Mg ml '. Although BSA at a concentration of 10 ^g
ml ', by itself, did not induce any chemoattraction, the

effect of PDGF in the BSA solution might still be due

to a synergistic or cooperative effect of the two com-

pounds. However, earlier results obtained with PDGF
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Control

PP 1 mg/ml

AAmix + 3nM PDGF

AA mix

3 nM PDGF

L-methionine

20 mM KCI

10 20 30 40 50 60

Minutes

Figure 4. Effect of different attractants and one repellant. OD of the lower phase was monitored every

second minute. PP, protease peptone: AA mix. mixture of amino acids (1 mM of each); PGDF, platelet-

derived growth factor. The plots illustrate the chemosensory responses obtained using PP at a concentration

of 1 mg mr 1

(A), AA mix in combination with 3 nM PDGF (A), AA mix ( + ), 3 nM PDGF ( ), 5 mM L-

methionine (O), and 20 mM KCI ($), respectively. OD of the cell suspension used was 0.207. Cuvettes

containing no attractant were tested as controls (D). The data shown represent only some of the data in the

experiment.

tested in a neutralized HAc-solution seem to indicate

that PDGF is itself a very potent chemoattractant to

Tetrahymena (Hellung-Larsen et a/., 1986).

Insulin induced the maximal response at a concentra-

tion of 170 nM. However, 1.7 \iM insulin had a repellant

effect (S/N = 0. 1 ). Such a dramatic change of effect due

to a 10-fold rise in concentration has not been observed

for any other peptide attractant. All compounds tested

were prepared in stock solution just before the experiment

(except for the PDGF solution, which had been stored for

approximately 1 year at -20C). Initial screening revealed

that /i-endorphin had an atypical loss of activity after only

a short storage (2-3 days) in aqueous solution at 0C.
The hormones tested in this experiment were also ex-

amined in a capillary assay, and similar results were ob-

tained (results not shown). Furthermore, experiments us-

ing the capillary method revealed that a-endorphin was

also active as an attractant in nanomolar concentrations.

We also tested the 1 7 amino acids present in Holz-defined

medium. The amino acids were screened twice at a con-

centration of 5 mM. Glutamic acid, glutamine, glycine, iso-

leucine, leucine, methionine, phenylalanine, proline, serine,

threonine, tryptophan, and valine were all positive, with S/

N's between 1.5 and 2.5 (results not shown).

We found S/N equal to 9.6 for a mixture of the 17

amino acids (1 mM of each amino acid). Furthermore,

when PDGF was added to the mixture of amino acids

(AA mix) the S/N increased to 1 1.3. The relatively high

molarity of the AA mix did not seem to affect either the

viability or the swimming of the cells applied in these

assays. This was determined by microscopical analysis of

cells taken from both the lower and the upper phases of

such assays.

Using S/N values, a hierarchy of chemoattracting po-

tentials of the various compounds can be listed: PP ^> AA
mix + PDGF > AA mix > single hormones > single

amino acids > control > repellants. A similar order results

if the initial slopes of the time-response curves are con-

sidered. However, the initial slopes using AA mix or AA
mix + PDGF are virtually identical (Fig. 4), indicating

that differences can be resolved when measuring S/N val-

ues rather than initial slopes. A similar conclusion is drawn

when comparing different concentrations of the same at-

tractant. Thus, PP in concentrations of 1 , 0.5, and 0. 1 mg
ml" 1

gave rise to nearly identical initial slopes, but the

maximum responses in these experiments were not similar

(Fig. 5).

When a repellant was present in the lower phase, cells

were prevented from entering this phase. We found that

20mA/ KCI, 1 mM 4-nitroaniline, and \OQ nAf 2,4-di-

nitroaniline each almost completely prevented the cells

from migrating into the lower phase. This was true even

if PP (in any concentration) was present in the lower phase

in combination with the repellant (results not shown).

The sensitivity of the assay to repellents is independent

of the starvation period of the cells. That is, any (detect-

able) background level in the assay will be suppressed

when a repellant is present therein.
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Table I

Chemoattractant activity ofpeptides and ammo acids in the two-phase assay

Compound
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Figure 5. Effect of proteose peptone (PP) in different concentrations.

PP was tested in final concentration of 0.1 mg ml '

(). 0.5 mg ml"'

(). and 1 mg ml '

(A). Cuvettes containing no attractant were tested

as controls (D).

hyrnena, during starvation, undergoes a progressive de-

crease in cellular density, which in turn may affect the

ability of the cells to enter the metrizamide phase. The

metrizamide phase itself is known to reduce the swimming

speed of the cells slightly (Hellung-Larsen el ai, 1986).

The progressive decrease in swimming speed and cell vol-

ume known to take place during starvation might also

offer some explanation of the observed phenomenon

(Hellung-Larsen cl ai. 1993).

During continued starvation, sensitivity to most at-

tractants is gradually lost according to the relative strengths

of the chemoattractants. It is remarkable, however, that

sensitivity to PP was never lost. In addition to being a

chemoattractant, PP is known to increase the swimming

speed of the cells (Hellung-Larsen el ai. 1986). The stim-

ulation by PP of the swimming speed may in part explain

the strong chemosensory responses induced by this che-

moattractant.

The results confirm that amino acids and peptides are

chemoattractants for Tetrahymena. The responses to a

mixture of amino acids were strong in comparison to the

responses obtained using single amino acids. This additive

effect may indicate a mechanism in which the amino acids

work through specific receptors. Specific receptors may
also explain the additive effect seen when AA mix +

PDGF are tested in the assay.

We have confirmed the chemoattractive effect of

PDGF, FGF, 0-endorphin, and acetylcholine shown ear-

lier (Tsang and Levandowsky, 1983; Andersen el ai. 1984;

Leick and Hellung-Larsen. 1985; Hellung-Larsen el ai,

1986; O'Neill ct ai. 1988). Furthermore, we have dem-

onstrated a similar effect of insulin.

The fine adjustment of the starvation period necessary

for optimal sensitivity towards attractants is not needed

when testing repellants. Therefore, the assay might also

be useful as a standard screening procedure in aquatic

toxicology, because Tetrahymena is repelled from indus-

trial pollutants such as anilines, phenols, and naphthalenes

(Berk et ai. 1990; Pauli and Berger, 1992). Screening for

repulsive effect of pollutants could be carried out in the

two-phase assay as a competition assay with PP as the

attractant.

The two-phase assay, in its present form, provides a

sensitive and easy-to-perform spectrophotometric assay

for chemokinesis in Tetrahymena. We infer that the assay

could also be useful for testing chemokinesis in other cil-

iates and perhaps some flagellates. Such an approach will
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Figure 6. Effect of temperature on the chemosensory behavior of

Tctrahvmcna ilwmiuphila. Parallel assays were performed at 15C (A),

25C (B). and 35C (C) using no attractant (D) or protease peptone (PP)

at a concentration of 1 mg ml '

in the assay (A). OD of the cell suspension

used was 0. 15.
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need proper adjustment of the metrizamide concentration

in the lower phase and of the conditions for the starvation

of the organism being tested.
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Abstract. Abdominal muscles of the cephalocarid

Hutchinsoniella macracantha resemble the striated muscle

fibers of other crustaceans, having regularly aligned sar-

comeres that average 5 /urn in length; thick, wavy Z-lines;

and orbits of eight thin filaments surrounding a thick fil-

ament. However, unlike most crustacean muscle fibers,

the cephalocarid muscle fibers are not subdivided into

myofibrils by elaboration of the longitudinally oriented

sarcoplasmic reticulum. Consequently, elements of the

transverse tubule and sarcoplasmic reticulum in the form

of triads occur scattered over the entire fiber. Motor in-

nervation is by means of scattered nerve terminals, pop-

ulated with round synaptic vesicles, indicative of excit-

atory axons. By lacking myofibrils, the cephalocarid and

ostracod muscle represents a much simpler condition than

the myofibril-rich muscles of the other crustacean classes

and signifies a primitive condition in its resemblance to

the onycophoran muscle.

Introduction

Members ofthe class Cephalocarida are the most prim-

itive living crustaceans, on the basis of comparative studies

of the external morphology, skeletomusculature, larval

development, and behavior of the best-known species,

Hutchinsoniella macracantha (Sanders, 1957, 1963; Hes-

sler, 1964. 1992; Hessler and Newman, 1975). Studies of

the nervous (Elofsson and Hessler, 1990. 1991. 1992) and

digestive (Elofsson el a/.. 1992) systems reveal funda-

Received 9 November 1993: accepted 19 May 1994.

* Author to whom correspondence should he addressed.

mental apomorphies that indicate an ancient split from

the rest of the Crustacea. Thus although cephalocarids

can tell little about the interrelationships within Crustacea,

they may tell much about the roots of the crustacean ra-

diation. For this reason, it is important to know as much

as we can about the anatomy of this small taxon.

The gross anatomy of the musculature of H. macra-

cantha has been analyzed in detail (Hessler, 1964), but its

fine structure has never been described. This is the subject

of the present study. We focus on the abdominal mus-

culature because of its simplicity.

The cephalocarid body is composed of cephalon,

thorax, and abdomen. The cephalon and thorax are

dorsoventrally compressed and bear appendages. As a

result, the musculature of these tagmata is complicated.

The abdomen is virtually a limbless, articulated cylinder

capable of strong flexion in all directions; only the telson

bears a terminal caudal furca. Hence the organization

of the muscles in the abdomen is much simpler than

that of the thorax, consisting of paired sheaths of dorsal

and ventral longitudinal muscles that line the exoskel-

eton and insert upon it at the anterior end of each seg-

ment (Hessler, 1964).

Materials and Methods

Adults of Hutchinsoniella macracantha were col-

lected from the silt-clay bottom of Buzzards Bay near

Woods Hole. Massachusetts, and prepared for electron

microscopy. The tiny elongate animals (about 3 mm)
were cut transversely into two or three pieces and fixed

for 1 -2 h in 3% glutaraldehyde and 0.7 Af NaCl in 0. 1 M
sodium cacodylate buffer (pH 7.4). After a brief rinse
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in buffer, the tissue was postfixed in 2% osmium te-

troxide for 1 h. washed in buffer, dehydrated in ethanol,

cleared in propylene oxide, and embedded in plastic.

Thin (80-100 nm) sections were obtained with a dia-

mond knife, mounted on formvar-coated single-slot

grids, and stained with uranyl acetate and lead citrate.

The tissue was examined with a Siemens 102 or Zeiss

9A electron microscope. The abdominal musculature

from five animals was examined.

Results

Muscle

The muscle bundle in each segment is made up of

a single layer of roughly elliptical fibers (Fig. 1 A). Each

fiber is defined by a distinct sarcolemma and is tightly

packed with myofilaments. Mitochondria are found

along the periphery of the fiber and are not seen within

the body of the fiber amongst the myofilaments. Also

along the periphery of the muscle sheath are muscle

nuclei and motor nerve terminals. Individual fibers

have numerous folds and invaginations of the saro-

lemmal membrane along their length, and this gives

them a complex outline typical of crustacean muscle

(Atwood, 1973).

The myofilaments are arranged into distinct sarco-

meres defined by adjacent Z-lines that enclose I-bands

on either side of a central A-band (Fig. 1C). The Z-

lines are thick and wavy and somewhat regularly

aligned, as are the sarcomeres. Measurements of in-

dividual sarcomeres from three animals revealed a

range of 3.6 to 7.9 nm and a mean (SD) value of 5. 1 ^m
(0.95, n = 45). To ensure that these differences are

not due to differences in overlap of thick and thin fil-

aments, individual A-bands were measured because

these are less subject to change. The A-bands showed

a trend similar to that of the sarcomeres, with a range
of 3.2 to 4.8 ^m and a mean (SD) value of 3.7 ^m
(0.38, n =

45). In cross-sectional view (Fig. IB), the

thick filament has an orbit of 6-10 thin filaments, for

a mean (SD) of 8.3 (1.1, n = 87).

The tubule system in these cephalocarid muscles

consists of the transverse tubules (t-tubules), which in-

vaginate from the sarcolemma at the level of the I-

band and Z-line, with branches in the A-band region

forming part of a triad (Fig. 2A). The other system of

tubules, v/'r ., the sarcoplasmic reticulum, is relatively

simple, consisting of one or two longitudinally running
tubules (Fig. 1C). Where these are juxtaposed on either

side of the longitudinal elements of the t-tubule, a triad

arrangement of tubules is seen in cross-section (Fig.

IB). Triads are restricted to the A-band region, where

they occur scattered over the entire fiber (Fig. 3). The

sarcoplasmic reticulum therefore does not form an

elaborate network of tubules that subdivides the mus-

cle fiber into myofibrils. Indeed, the absence of myo-
fibrils is the most striking feature of the cephalocarid

muscle fiber (Figs. 3, 4A).

Neuromuscular terminals

Motor innervation to the muscle group usually con-

sists of a cluster of nerve terminals along the periphery

of the muscle (Fig. 1A). These nerve terminals are lo-

cated adjacent to the myofilaments on small islands of

the muscle granular sarcoplasm that have relatively few

tubules (Fig. 2B). The motor nerve terminals are char-

acteristically populated with clear synaptic vesicles and

make synaptic contact with the muscle granular sar-

coplasm. At these synaptic contacts the membranes are

densely stained and a dense body is found on the pre-

synaptic membrane, denoting an active site for trans-

mitter release. Mitochondria are seen in these terminals,

but dense-core vesicles are not. The clear synaptic ves-

icles surveyed in more than 50 nerve terminals in five

separate animals are spherical, suggesting that these are

excitatory terminals because with aldehyde fixation the

synaptic vesicles assume a characteristic shape spher-

ical for excitatory and elliptical for inhibitory axons

(Tisdale and Nakajima, 1976).

Discussion

Muscle

The fine structure of the abdominal muscles of the

cephalocarid H. macracantha is typical of crustacean

striated muscle in that the myofilaments are highly or-

ganized in the transverse plane into sarcomeres (Atwood,

1973; Govind and Atwood, 1982). Also typical of the ab-

dominal muscle in tailed decapods such as crayfish and

lobsters is the differentiation into fast and slow fibers based

on sarcomere length; short (2-4 nm) sarcomeres denoting

fast fibers and long (>4 //m) sarcomeres denoting slow

fibers. Fast and slow fibers occur in separate muscles in

the abdomen of crayfish and lobsters and are used re-

spectively for fast (escape) and slow (postural) movements.

The cephalocarid abdominal muscle has sarcomeres of

5 /urn, suggesting a slow fiber type; this is in keeping with

the relatively slow movements of the abdomen. However,

in this initial study of cephalocarid muscles, we cannot

rule out the existence of fast type fibers with short sar-

comeres in the abdomen.

Cephalocarid muscle deviates significantly from the

general crustacean type in its lack of myofibrils. In the

cephalocarids the muscle fiber remains as a single unit

(which is punctuated with triads) (Fig. 4A), whereas in



18 A. T. READ ET A I.

All



CEPHALOCARID NEUROMUSCULAR LILTRASTRLICTURE 19

most other crustaceans it is subdivided into numerous

myofibrils (Fig. 4B, C) by elaboration of the sarcoplasmic

reticulum. which forms an enveloping collar around each

myofibril. In essence, these myofibrils functionally sub-

divide a single muscle fiber and permit a much finer con-

trol of its contraction. In the absence of myofibrils, such

fine control may not accrue to the cephalocarid muscle,

although the widespread distribution and high density of

triads in the cephalocarid muscle fiber would ensure that

no area of the fiber is far from these elements that couple

excitation to contraction.

The only other known crustacean species in which the

muscle fibers are also not subdivided into myofibrils by
the sarcoplasmic reticulum is the ostracod Cypridopsis

vidua (Fahrenbach, 1964) (Fig. 4A). Muscles of the ap-

pendages consist of single fibers that are the equivalent of

single fibrils. Triads consisting of two elements of the sar-

coplasmic reticulum and one of the t-tubule are usually

scattered throughout these single fibers, although more

complex associations, with three to nine elements of the

sarcoplasmic reticulum, are also found. The latter asso-

ciations denote a more elaborate development of the sar-

coplasmic reticulum in the form of several layers of tu-

bules. In comparison, the cephalocarid muscle with its

triad denoting two tubules of the sarcoplasmic reticulum

represents a less elaborate and much simpler system.

Muscle fibers in other known crustacean species are

subdivided into myofibrils by a fenestrated collar of sar-

coplasmic reticulum (Fig. 4C). At discrete locations

around this collar are elements of the t-tubule giving rise

to diads or triads. This type of organization is seen

amongst all species examined in the class Malacostraca

and these encompass stomatopods (Hemisqiiilla:

McNeill et ai, 1972), amphipods (Gammants: pers. obs.).

and decapods (crabs, crayfish, and lobster: reviewed by

Atwood, 1973). Amongst the other classes of Crustacea,

namely, Branchiopoda, Cephalocarida, Maxillopoda,

Ostracoda, and Remipedia, only the last named has not

been examined for its muscle fine structure. In Maxil-

lopoda, myofibrils are seen in the barnacle Balanus nu-

bilus (subclass Cirripedia) (Hoyle et ai. 1973) and in the

copepod Macrocyclops albidus (subclass Copepoda)
(Fahrenbach, 1963). In the latter case, diads and triads

are found not only around the periphery of the myonbril

(perifibrillar location) but also within the myofibril itself

(intrafibrillar location) (Fig. 4B). In the class Branchio-

poda, myofibrils although poorly defined are seen in

Daphnia. with diads and triads restricted to the periphery

of the myofibrils (pers. obs.). As mentioned above, only

the ostracods and cephalocarids have muscles that lack

myofibrils.

This brief comparative survey demonstrates a range of

conditions from a relatively simple system of tubules of

sarcoplasmic reticulum to a complex system that subdi-

vides a muscle fiber into myofibrils. Triads found scattered

over the entire muscle fiber in the case of the simple con-

dition are restricted to the periphery of the myofibril in

the more complex condition. Accordingly, ostracod and

cephalocarid muscles with scattered triads (Fig. 4A) rep-

resent an early stage; copepod muscle represents an in-

termediate stage, with triads located both within the myo-
fibril and along its periphery (Fig. 4B); and cirripeds,

branchiopods, and malacostracans represent a more ad-

vanced stage, with the triads restricted to the periphery

of the myofibrils (Fig. 4C).

While the lack of myofibrils represents a simple con-

dition in the striated muscle organization ofcephalocarids,

does it also signify a primitive condition? Comparison
with an outgroup such as the Onychophora throws light

on this question. Muscle fibers in the onycophoran Per-

ipatus dominicae are not subdivided into myofibrils, al-

though the fiber is populated with many tubule systems,

including sarcoplasmic reticulum and t-tubules (Hoyle
and Williams, 1980). As a result, diads and triads occur

scattered over the muscle fiber as in the cephalocarid

muscle. Based on the view that the onychophorans predate

the crustaceans, the lack of myofibrils may be construed

as a primitive feature.

Neuromuscular terminals

The fine structure of motor nerve terminals in the ab-

dominal muscles of the cephalocarid is similar to that

seen in the decapods (Govind and Atwood, 1982). How-

ever, although both excitatory and inhibitory motor nerve

terminals are readily seen in the abdominal muscles of

Figure 1. A. Cross-section of the cephalocand ventral abdominal longitudinal muscle showing a single

layer of fibers (asterisks) cut at various planes, such as through the A-band (A), l-band (I), and Z-line (Z).

Muscle nuclei (N) and mitochondria are restricted to the edge of the band, and the muscle fibers lack

myofibrils. Nerve terminals (T) are located amongst muscle granular sarcoplasm (S). B. Cross-section showing
thick and thin filaments and triads (arrows) composed of a long, narrow t-tubule element flanked on either

side by cisternae of the sarcoplasmic reticulum. C. Longitudinal section showing well-defined sarcomeres

between adjacent Z-lines(Z), on either side of which are I-bands (I) enclosing a central A-band (A). Elements

of sarcoplasmic reticulum are seen as longitudinal tubules (arrowhead). Magnifications: X5400 (A), X96.000

(B), X 10.300 (C). Scale bars: 5 ^m (A), 0.25 ^m (B), 3 Mm (C).
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Figure 2. A. Cross-section of a ventral abdominal muscle through the A-hand, I-band (I), and Z-line

(Z) showing t-tubules through the I-band, Z-line (arrows), and the A-hand (double arrow) where it forms

part of a triad. B. Cross-section showing five variously sized profiles of nerve terminals (T) embedded in

muscle granular sarcoplasm (S). Terminals are recognized by aggregations of clear synaptic vesicles that are

spherical in shape. Synaptic contacts (arrows) are recognized by dense staining of regularly aligned presynaptic

and postsynaptic membranes. At some of these contacts the presynaptic side has a dense body representing

an active zone. Magnification: X27.000. Scale bars: 1 ^m.
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Figure 3. Cross-section of a single ventral abdominal muscle fiber through the A-band region packed
with myonlaments and numerous scattered triads (arrows), but not subdivided into myofibrils. Note pe-

ripherally located mitochondria. Magnification: X27.000. Scale bar: 1 j/m.

tailed decapods such as crayfish and lobsters, the cephal-

ocarid abdominal muscles displayed terminals with round

synaptic vesicles, suggesting only excitatory motor inner-

vation. Such a conclusion, although tentative, is in keeping

with the relatively simple organization of the abdominal

muscles that generate largely flexion-type movements and

occur as a sheath lining the abdominal cylinder.

Simplicity in the neuromuscular terminals of the ceph-

alocarid abdomen is also seen in the minimal elaboration

of the surrounding muscle granular sarcoplasm. Thus

synaptic contacts with the muscle membrane are made

very close to the myofilaments. with little intervening sar-

coplasm. In contrast, neuromuscular synaptic contacts

occur on a highly elaborated sarcoplasmic reticulum
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Fiber

Triad

amongst the decapods (Atwood, 1976; Govind and At-

wood, 1982), reflecting a more extensive repertoire of

movements than that of the cephalocarids.
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Figure 4. Stylized cross-sectional views of single muscle fibers

amongst crustaceans, showing distribution of triads and subdivision into

myonbrils. A. Single fiber not subdivided into myofibrils and with scat-

tered triads as in the ostracod Cypnclopsis vidua (Fahrenbach. 1964) and

the cephalocand lliilchin.wniella macracantha (present report). B. Single

fiber subdivided into myofibrils by longitudinally running sarcoplasmic

reticulum and with triads located along the periphery of the myofibril

(penfibrillar location) as well as within the myofibril (mtrafibrillar lo-

cation), as in the copepod Macrocyclops albidus (Fahrenbach. 1963).

C. Single fiber subdivided into myofibrils by sarcoplasmic reticulum and

with triads located along the periphery of the myofibril (penfibrillar lo-

cation), as in the majority of crustaceans, including stomatopods, am-

phipods. and decapods.
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Abstract. Closely related sea urchin species in the ge-

nus Echinometra from Hawaii and Guam have strong

species-specificity of fertilization. Crosses between the

two species found in Hawaii, E. mathad and E. oblonga,

were compared in order to determine which steps of

gamete interaction are responsible for fertilization bar-

riers. The acrosome reaction, attachment of sperm to

eggs, and fusion of sperm and egg membranes were

measured in crosses between species and compared to

within-species controls. In all crosses, eggs induced the

acrosome reaction in 50-100% of sperm within 20s.

However, eggs bound about 3-5 times fewer heterospe-

cific than conspecific sperm. In addition, electrical con-

tinuity between heterospecific gametes was achieved

rarely under conditions that allowed conspecific ga-

metes to achieve it readily. Only two sperm-egg fusion

events were recorded in more than 80 min of hetero-

specific sperm interaction on 22 eggs. Accordingly, spe-

cies-specific fertilization in these urchins results firstly

from reduced attachment of the heterospecific sperm

acrosomal process to the egg vitelline layer, and sec-

ondly from inability of attached heterospecific sperm

to develop continuity with the egg plasma membrane.

At both of these steps, incompatibilities are reciprocal.

Thus a barrier to gene flow is mediated by molecular

interactions during a specific part of the fertilization

process, as the sperm acrosomal surface and the egg

vitelline layer contact each other. Recognition mole-

cules mediating these steps of fertilization may be ca-

Reeeived 1 March 1994; accepted 1 June 1994.

pable of relatively rapid change, leading to species-

specificity of fertilization.

Introduction

The relationship between the evolution of reproductive

isolation and species formation is complex and differs

among taxonomic groups (Mayr, 1963; Donoghue, 1985;

Carson, 1987; Kaneshiro and Boake, 1987; Templeton,

1 989). Species are genetically distinct, yet they may some-

times be reproductively compatible. Although reproduc-

tive barriers do not always define species boundaries,

populations of organisms that do become intrinsically re-

productively isolated will usually evolve independently.

Thus knowledge of the evolution of species-specificity at

genetic loci involved directly in mate recognition could

contribute to an understanding of biological diversifica-

tion. Many studies have focused on aspects of species-

specific premating recognition that partition gene pools.

In most cases, recognition involves complex neurophys-

iological processes (see review by Boake, 1991), and the

genetic basis of these processes remains obscure. In a few

cases, recent work directly implicates specific genes in-

volved in mate recognition behavior in maintaining re-

productive isolation between species (e.g.. Wheeler et ai,

1991, reviewed by Coyne, 1992).

Species-specific fertilization is a type of mate recogni-

tion that is amenable to study because it involves direct

interaction of recognition molecules on the surfaces of

just two cell types, the sperm and the egg. Species-specific

fertilization is particularly important in many different

types of free-spawning organisms like sea urchins, which

have relatively simple premating behavior prior to the

23
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interaction of gametes. Incompatibilities between gametes

from different species cause premating reproductive iso-

lation and create barriers to gene flow (O'Rand, 1988;

Minor eta/.. 1989; Lessios and Cunningham, 1990; Vac-

quier el al. 1990; Palumbi and Metz, 1991; Metz el a/.,

1991). Although broad-scale allopatric models of specia-

tion have been applied to marine organisms including sea

urchins (Mayr, 1 954), many examples are coming to light

of closely related and cryptic marine species that have

differentiated without obvious geographical barriers (re-

viewed by Knowlton, 1993). Rapidly evolving specificity

in mate recognition processes, including gamete interac-

tion, may be important in generating intrinsic reproduc-

tive isolation between populations and facilitating diver-

sification of marine organisms (reviewed by Palumbi,

1992). An understanding of how species-specificity can

arise in the fertilization process may contribute to an un-

derstanding of speciation.

We have focused a study of fertilization on closely re-

lated urchin species in the genus Echinometra that have

developed strong reciprocal gamete incompatibilities. In

these urchins, the specificity of fertilization contributes

substantially to maintenance of reproductive isolation

between species. Indo-Pacific species in the genus Echi-

nometra are among the most closely related sea urchins

known. These urchins are abundant in mixed populations,

and they contain gonads with mature gametes over

broadly overlapping seasons (Kelso, 1970; Uehara and

Shingaki, 1985; S.R.P., unpublished data). They show

only slight ecological or morphological differentiation

(Kelso, 1970; Uehara and Shingaki, 1985) and are similar

enough to have been previously classified as different

morphs of a single species (Mortensen, 1943). Measure-

ments of genetic relationships indicate that the species are

distinct from one another and probably differentiated

from a common ancestor during the Pleistocene (Palumbi

and Metz, 1991). Within that time, species-specificity of

fertilization has arisen, making many of the possible

crosses between these urchins incompatible (Kelso, 1970;

Branham, 1972; Uehara el al. 1990; Palumbi and Metz,

1991). In previous studies of gamete compatibility be-

tween Hawaiian Echinometra species, we found that only
a small percentage of the eggs in reciprocal test crosses

between these species typically become fertilized (Palumbi

and Metz, 1 99 1 ). Here we have extended cross-fertilization

measurements to include a third species, referred to as

'type A' (Uehara and Shingaki, 1985), from Guam. Like

the two species found in Hawaii (E. mathaei and E. ob-

longa), the two species found in Guam (/:. mathaei and

Echinometra type 'A') have strong reciprocal barriers to

fertilization.

Fertilization depends on successful completion of a se-

ries of steps involving interactions between gametes; in-

compatibilities at these steps could prevent fertilization

and provide the basis of species-specific fertilization (Lillie,

1919). These steps involve recognition and binding of

surface molecules on sperm and eggs (for review see Metz

and Monroy, 1985; Schatten and Schatten, 1989; Foltz

and Lennarz, 1993). After conspecific sperm approach
the sea urchin egg, four major steps ofgamete interaction

occur: ( 1 ) components of the egg jelly induce the sperm
acrosome reaction (Trimmer and Vacquier, 1986); (2)

sperm and egg attach as a result of interaction of the sperm

protein bindin and its egg surface receptor (Minor et al..

1989; Foltz and Lennarz, 1993); (3) molecular interactions

of the attached acrosomal and vitelline surfaces bring ga-

mete plasma membranes together; and (4) the membranes

fuse, creating continuity between the gametes (Whitaker

et al., 1989; Chambers, 1989; Foltz and Lennarz, 1993).

Specificity of fertilization in crosses between several

genera of urchins has been shown to result mainly from

"primary gamete binding," the attachment of the sperm
acrosomal process to the egg vitelline layer, visualized by

electron microscopy (Summers and Hylander, 1975). We
used electron microscopy to quantify the acrosome re-

action and sperm-egg attachment in crosses of Hawaiian

Echinometra species. In addition, we examined the spe-

cies-specificity of events that occur after sperm-egg at-

tachment and lead to gamete fusion. Fusion of the sea

urchin sperm and egg plasma membranes results in a rapid

depolarization of the egg membrane (reviewed in Jaffe,

1986). When eggs are held at their resting transmembrane

potential to prevent normal depolarization, temporary

continuity between the sperm and egg creates transient

currents across the egg membrane (Chambers, 1989;

Whitaker et al.. 1989; Chambers and McCulloh, 1990).

To assess the capability of sperm and egg plasma mem-
branes to fuse, we measured the incidence of transmem-

brane currents in voltage-clamped eggs.

The step-by-step examination of gamete interactions

between Hawaiian E. mathaei and E. oblonga shows that

reciprocal incompatibilities occur at the attachment step

and in the interactions of attached gametes leading to

membrane fusion. Comparison of these results with those

reported from other crosses both within and between ur-

chin genera suggests that when gamete incompatibility

arises between species, these steps of fertilization are most

likely to be involved.

Materials and Methods

Urchins and gametes

Echinometra mathaei and E. oblonga (sensu Ed-

mondson, 1946), were collected from mixed popula-

tions at Kapapa Island in Kaneohe Bay, Oahu, Hawaii,

and maintained in seawater tables at the Kewalo Marine

Laboratory. Urchins of Echinometra species type "A"

(sensu Uehara and Shingaki. 1985) were shipped by air
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from Guam. Shedding of gametes was induced by in-

jection of 0.5 M KC1 into the coelomic cavity. Eggs were

collected by inverting female urchins in dishes of sea-

water. Undiluted sperm was collected at the gonopores.
Filtered (0.45 jum) seawater was used for washing and

diluting gametes.

Measurement ofcross-fertilization

Gametes were obtained from two males and two fe-

males of each of three species of Echinometra (E. mathaei,

E. oblonga. and Echinometra type 'A'). The 36 possible

crosses between these individuals were made as follows.

Sperm concentrations were normalized by dilution with

seawater to give an optical density reading of 0.5 in a

spectrophotometer set at 340 nm. Eggs were washed twice

by gentle centrifugation through seawater. A 20-^1 volume
of settled eggs was mixed with 200 /ul ofsperm suspension
in a 1.5-ml microcentrifuge tube. Counts showed that

these gamete mixtures contained about 300 sperm per

egg (sperm were counted with the aid ofa hemacytometer).
Two replicate tubes were prepared for each cross. All

crosses were performed with highly motile sperm within

2 h of induced spawning. After 10 min of gamete inter-

action, 50 n\ of 5% glutaraldehyde in seawater was added

to fix gametes in one tube; the other tube was fixed after

3 h of gamete interaction. Presence or absence of the fer-

tilization envelope in the 10-min samples and presence
or absence of cell division in the 3-h samples was recorded

for all eggs in a haphazard succession of fields of view at

lOOx magnification under a light microscope, until at

least 200 eggs had been examined for each sample.
Test crosses between Echinometra type 'A' and E. ma-

thaei were also performed on sympatric urchins in Guam.
In these crosses, percent fertilization was measured under

conditions similar to those described above, for four to

five different pairs of urchins in each direction.

Electron microscopy ofHawaiian Echinometra Crosses

For electron microscopy, each gamete mixture used for

the crosses was composed ofan approximately equal mix-

ture ofgametes from four individual urchins. Accordingly,
in each cross the gamete interaction levels of 16 individual

crosses were measured. This method will sample the cu-

mulative results of all crosses between pooled individuals.

Thus, if certain individual urchin pairs have high cross-

fertilizability. estimates of the amounts of acrosome re-

action and gamete attachment might be elevated com-

pared to those from the average cross between one male

and one female. Accordingly, our measurements can be

considered to overestimate rather than underestimate the

successful completion of each step of fertilization. This

approach will be less likely to underestimate the potential

for gene flow between species at the population level.

Eggs were washed twice by gentle centrifugation

through seawater, and 200-^1 aliquots of the egg pellet

from four females were mixed to make a pooled sample
of eggs for each species. Likewise, a pooled sperm sample
was made for each species by mixing 10 n\ of undiluted

sperm from each of four individuals with 10 ml of sea-

water. Sperm concentrations were normalized by adding
seawater to give an optical density reading of 1.0 at

340 nm. Each of the four possible crosses between the

two pooled sperm samples and the two pooled egg samples
was made as follows. A 3-ml volume ofsperm suspension
was added to 0.25 ml of packed eggs and inverted re-

peatedly to mix. Counts showed that these gamete mix-

tures contained about 1000 sperm per egg (sperm were

counted with the aid of a hemacytometer). Sperm ap-

peared highly motile when all crosses were made. The two

interspecific crosses were made before the two intraspecific

crosses. After 20 s of gamete interaction, the sample was

fixed for 1 h at room temperature by mixing thoroughly
with an equal volume of freshly prepared 5 C; glutaralde-

hyde in seawater. Glutaraldehyde fixes the jelly coat sur-

rounding the egg and the sperm embedded in it, as well

as the sperm bound to the egg surface. Unused pooled

eggs were fixed in 1% glutaraldehyde in seawater as neg-

ative controls. No fertilization envelopes were seen in these

control samples. The samples were postfixed with 1%

OsO4 , block-stained with uranyl acetate, and processed
for transmission electron microscopy.
Thin sections of gametes from the crosses were ex-

amined by electron microscopy at 10,OOOX magnification.

Each sample was searched for sperm in which the tip ap-

peared in longitudinal section near the egg surface. For

convenience, a sperm was considered to be near the egg
surface ifthe tip was within 5 /urn of the egg surface. Sperm
that have approached the egg surface this closely have

presumably had an opportunity to interact with the egg

jelly and undergo the acrosome reaction. Any sperm
within 5 ^m of the egg surface was counted if it had either

a clearly visible acrosomal vesicle or an acrosomal process.

Any sperm connected at the acrosomal process to the egg
surface by densely staining material was considered to be

attached. Each sperm tip found was scored as unreacted,

acrosome reacted but unattached, or attached. For each

sample cross, at least 35 sperm tips were scored.

This experiment was repeated as described above, using

different individual urchins as the source of gametes. In

the second experiment, the electron microscopy samples
were fixed after 40 s ofgamete interaction instead of 20 s.

Because the experiment was repeated, a total of 32 urchin

pairs were surveyed for each of the four possible crosses

between the two species.
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Although other methods for measurement of gamete
interaction have been described (e.g.. Vacquier and Payne.

1973), examination of gamete interaction in the electron

microscope allows the relative amounts of sperm under-

going different steps of fertilization to be visualized and

measured within the same samples. For each egg sample,

a G-test of independence (Sokal and Rohlf. 198 1 . pp. 735-

738) was used to test the null hypothesis that the number

of sperm completing each of the two steps (acrosome re-

action and attachment) is independent of whether the

sperm are conspecific or heterospecific (Figure 2).

Electrophysiological recordings ofHawaiian

Echinometra crosses

Electrophysiological measurements were performed as

previously described (Kane, 1990), with the following

modifications. Microelectrodes filled with 0.5 M K:SO4 ,

20 mM NaDl. and 0.5 mM potassium citrate (Lynn and

Chambers, 1984) had resistances of 20-30 mQ. The bath

electrode was Ag-AgCl with a seawater agar bridge. Elec-

trical measurements and voltage clamping utilized an Ax-

oclamp-2A amplifier with membrane potential and cur-

rent displayed on a digital oscilloscope. The input of the

sample-and-hold amplifier (monitor output) was contin-

uously observed on another oscilloscope while the gain

and phase of the clamp was adjusted. Eggs were impaled

by means of a short (20 ms) oscillation induced by an

increase in the negative capacitance. Only impaled eggs

requiring less than O.lOnA of current to maintain a

transmembrane potential of -80 mV were used. Single-

electrode voltage clamping (Wilson and Goldner. 1975;

Finkel and Redman, 1984) was done at a switching fre-

quency of 2 kHz and filtered at 200 Hz.

Undiluted "dry" sperm were stored on ice and diluted

in seawater 2-3 min before use. Eggs were dejellied by

vortexing them gently in 0.55 M NaCl. 0.01 M KC1. and

5 mM Tris pH 8.3. Dejellied eggs were placed in plastic

petri dishes pretreated with 0.001% protamine sulfate to

allow adhesion (Steinhardt el ui. 1971). As a positive

control for fertilization, two to four dejellied eggs from

the other Echinometra species were added to the dish near

the egg to be impaled. The egg was then impaled and

voltage clamped near the resting potential at -75 mV.

First, the heterospecific sperm were added to the im-

paled egg. A 2-jul volume of dry sperm from a heterospeci-

fic male was diluted into 40 ml of seawater and vigorously

pipetted to mix. In some cases, 1 j/1 of dry sperm from

each of four heterospecific males was diluted into 40 ml

of seawater. In separate experiments, sperm concentration

was increased fourfold; 8 n\ of dry sperm was diluted into

20 ml of seawater. Transmembrane potential and current

were recorded while 10-^1 aliquots of sperm were added

near the impaled egg. The same volume of sperm was

added at intervals of about 1 min for 3-5 min. The im-

paled egg was observed under the microscope to verify

that heterospecific sperm had arrived at the egg surface

and that heterospecific gamete interaction occurred for

several minutes. The time at which the positive

control eggs (from the same species as the sperm) had

elevated fertilization envelopes was noted. After an ad-

ditional 1-3 min to ensure that the impaled egg had

been exposed to heterospecific sperm for long enough to

undergo an electrical response conspecific sperm were

added to the impaled egg. A 2-n\ volume of dry sperm
from a conspecific male was diluted into 40 ml of seawater

and added to the impaled egg in 10-^1 aliquots about every

1-2 min for 2-5 min. The amount of conspecific sperm

delivered to the dish never exceeded the amount of het-

erospecific sperm.

For each of the two Echinometra species, electrophys-

iological data were recorded for 1 1 eggs (one to three eggs

from six to seven female urchins). Some of these eggs

were treated with sperm from one heterospecific male at

a time; the other eggs were treated with mixtures ofsperm

from four heterospecific males. Overall, we surveyed het-

erospecific crosses between 1 8 pairs of urchins for E. ma-

thaei eggs, and 16 pairs for E. obtonga eggs.

Results

Cross-fertilizability ofthree species o/'Echinometra

Of the six possible crosses between E. mathaei and E.

oblonga from Hawaii and Echinometra type 'A' (Uehara

and Shingaki, 1985) from Guam, all but one were incom-

patible (Figure 1). Measurements of percent fertilization

envelopes after 10 min were similar to measurements of

percent dividing zygotes after 3 h. The mean of the 12

within-species crosses was 98% eggs with fertilization en-

velopes. Under these conditions, the mean fertilizability

between E. mathaei and E. oblonga was 3% and the mean

fertilizability between E. mathaei from Hawaii and Echi-

nometra type 'A' from Guam was 1%. Low cross-fertil-

izability was also found in a separate set of crosses between

sympatric Echinometru type 'A' and E. mathaei individ-

uals from Guam. For these experiments, the mean and

standard deviation of four to five crosses in both directions

was 5 6.5%> (range <1%-20%). Accordingly, the sym-

patric species pairs found on Hawaii and on Guam are

both reciprocally reproductively isolated at fertilization.

Substantial fertilization occurred in one of the crosses

between allopatric populations of urchins. Sperm of

Echinometra type 'A' from Guam were capable of fertil-

izing eggs of E. oblonga from Hawaii (Fig. 1). In this di-

rection, fertilizability of eggs from different individual ur-

chins was variable; cross-fertilization was 14-27% of eggs

from one of the two E. oblonga females we tested and

95-97% in the other. This preliminary evidence of vari-
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Figure 1. Cross-fertilization between Echinometra malhaei and E. oblonga from Hawaii and Echinomeira

species 'A' (Uehara and Shingaki, 1 985) from Guam. All possible crosses between two males and two females

of each species were made in duplicate with standardized gamete concentrations. For each heterospecific

cross, the bars indicate the mean and standard error of four different crosses. Results of all 12 of the within-

species crosses are shown together by the bars marked intraspecinc. For each cross, the male is indicated

first. E. m.: E. malhaei; E. o.: E. oblonga; E. "A'.:Echinometra species 'A'.

ation in cross-fertilizability warrants further investigation.

Although cross-fertilization between the two Hawaiian

Echinometra species typically remains low even at high

sperm concentrations (Palumbi and Metz, 1991), cross-

fertilization between these allopatric urchins may depend
more directly on sperm concentration.

Our results agree with results of a set of crosses made

by Uehara el al. (1990) between Echinometra species in

Okinawa. The Okinawan urchin phenotypically similar

to Hawaiian E. oblonga is referred to as Echinometra type

'D'; comparisons of morphology and cross-fertilization

are under way for these allopatric urchins (T. Uehara,

pers. comm.). E. oblonga from Hawaii and Echinometra

type 'D' from Okinawa showed low cross-fertilization with

E. malhaei (Fig. 1, Uehara el al., 1990), although more

Echinometra type 'D' eggs than E. oblonga eggs may be

fertilized by E. malhaei sperm. Substantial percentages

of eggs from E. oblonga or Echinometra type 'D' were

fertilized by sperm from Echinometra type 'A', whereas

in both cases the reciprocal crosses were strongly blocked

(Fig. 1, Uehara el al.. 1990). Finally, /:'. mathaei and

Echinometra type 'A' were reciprocally incompatible in

Okinawa (Uehara el al.. 1990), just as in our results for

Guam and between Hawaii and Guam. Thus, in general,

the patterns of fertilization between species appear to be

similar both from crosses of sympatric urchins from dif-

ferent locations and for crosses between sympatric and

allopatric populations of urchins.

Gamete interaction ofHawaiian Echinometra species

In all crosses between Echinometra species, sperm rap-

idly became embedded in the egg jelly. Electron micros-

copy revealed that in both heterospecific and conspecinc

crosses, sperm had arrived to within 5 ^m of the egg vi-

telline layer within 20 s. Qualitatively, no differences were

observed in the abundance of sperm at the egg surface in

the different crosses.

More than 95% of sperm were acrosome-reacted within

20 s in three of the four possible crosses between the two

Hawaiian Echinometra species (Fig. 2). A significantly re-

duced proportion of E. mathaei sperm approaching E.

oblonga eggs underwent the acrosome reaction (p < 0.005,

G-test of independence), indicating that in one direction

there is specificity of the acrosome reaction. In this cross,

the number of sperm acrosome-reacted at 40 s (72%) was

higher than the number of sperm acrosome-reacted at

20 s (57%), suggesting a relatively slow rate of induction

of the acrosome reaction compared to the other crosses.

In agreement with previous electron microscopy studies

ofsea urchin sperm, the acrosomal process ofEchinometra

sperm appeared to be coated with a densely staining gran-

ular substance, presumably including the protein bindin

(Moy and Vacquier, 1979, Nishioka el al.. 1990). Sperm
that had attached to the egg were connected to the vitelline

layer by a continuous layer of this densely staining ma-

terial (Fig. 3). Sperm in the process effusing with eggs
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E. mathaei eggs
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Figure 3. Electron micrograph of Echinumctra nhlonga sperm on E. malhaei egg fixed after 40 s of

gamete interaction. Some heterospecific sperm-egg attachment occurs, hut only rarely leads to gamete tusion.

The acrosome is attached to the egg vitelline layer by densely staining acrosomal material, presumably

bindin. (Bar =
I urn.}

fertilization envelopes within 2-3 min. demonstrating that

the heterospecific sperm were capable of fertilization.

Recordings totaling more than 80 min of heterospecific

gamete interaction were taken from 22 eggs prior to ad-

dition of conspecific sperm; heterospecific sperm were al-

lowed to interact for 2-6 min with each voltage-clamped

egg. In spite of this opportunity for attachment and fusion,

only two heterospecific transient current events occurred,

both when E. oblonga eggs were exposed to concentrated

E. matluiL'i sperm (Table I). For 20 out of 22 eggs, no

electrical transients were observed for heterospecific

sperm.

At an average of 30 s (range: 10-70 s) after addition

of conspecific sperm near to voltage-clamped eggs,

transient currents of 0.25-0.75 nA began to occur (Ta-

ble I and Fig. 4). Under the conditions used for these

experiments, the average number of transient current

events per minute was similar in the two species: 1.9

for conspecific sperm on E. nuithaei eggs and 1.4 for

conspecific sperm on E. ohlonga eggs. Occasionally, fu-

sion with more than one conspecific sperm simulta-

neously was indicated by larger currents (Chambers and

McCulloh, 1990). In most cases, the impaled eggs were

then capable of undergoing a normal fertilization de-

polarization and elevation of the fertilization envelope

when the voltage clamp was removed. The two hetero-

specific fusion events we recorded produced currents

similar in magnitude and duration to those produced

by conspecific fusion events.

Comparison of the two heterospecific crosses between

Hawaiian Echinometra species shows that E. oblonga eggs

appear to accept slightly more heterospecific fertilization

(Fig. 1), heterospecific sperm attachment (Fig. 2), and

heterospecific fusion (Table I), than E. mathaei eggs.

However, the overall pattern in these urchins is strong

reciprocal species-specificity of fertilization caused by
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Table 1

Incidence oftransient currents in voltage-clamped eggs exposedfirst to heterospecific sperm and then to conspecific

Heterospecific sperm
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Figure 4. Portions of recordings of transmcmhrane current of Echinometm eggs voltage-clamped at

approximately 75 mV. Small arrows indicate times of addition of aliquots of heterospecific sperm. Large

arrow indicates time of addition of an equal aliquot of conspecific sperm. For clarity, the recordings have

been aligned at the time of addition of conspecific sperm; the times of heterospecific gamete interaction are

somewhat longer than is shown. The asterisk indicates the time at which all control eggs had elevated

fertilization envelopes. Transient currents of approximately 0.5 nA occurring after addition of conspecific

sperm indicate temporary electrical continuity between egg and sperm. In each of these trials, the voltage

clamp was released, after which the impaled egg underwent normal fertilization depolarization and elevation

of the fertilization envelope.

erospecific sperm rapidly arrive at the egg plasma mem-
brane, suggesting that activation is readily achieved.

Step 2: Acrosome reaction. Although the acrosome re-

action step is blocked in some crosses between divergent

urchins (Segall and Lennarz, 1981). this step is typically

not strongly and reciprocally species-specific. The acro-

some reaction is not blocked in crosses between Stron-

gylocentrotuspurpuratus and S.franciscamts( reviewed in

Minor ct til.. 1989, 1991). In addition, the acrosome re-

action has been shown to occur normally in most of the

possible crosses between urchins from four different genera

of Caribbean urchins, including Echinometra lucunter.

and was not reciprocally blocked between any pair of these

species (Summers and Hylander, 1975).

In Hawaiian Echinometra crosses, asymmetry was ob-

served in the acrosome reaction step; in all crosses, how-

ever, more than half of the sperm approaching the egg

surface underwent the acrosome reaction within 20 s. This

degree of reaction is too high to account for the obser-

vation that only a small percentage of the eggs in both

heterospecific crosses typically elevate fertilization enve-

lopes. Even though induction of the acrosome reaction is

measurably different depending on the direction of the

cross, this step is not an effective barrier to cross-fertiliza-

tion. The gamete interaction steps primarily responsible

for preventing interspecific fertilization in both directions

occur after the induction of the acrosome reaction.

Step 3: Sperm-egg attachment. In contrast to the pre-

ceding steps of gamete interaction, the attachment of

sperm to the vitelline layer of eggs is species-specific in

many urchin crosses (Summers and Hylander, 1975, 1976;

Minor el a/., 1 99 1 ). We found a similar pattern in crosses

of the closely related Hawaiian Echinometra species, in

which eggs bound severalfold fewer heterospecific sperm



32 E.C. METZ ET AL.

than conspecific sperm (Fig. 2). These results agree with

our previous counts ofsperm attachment to dejellied eggs

(Palumbi and Metz, 1991). It might be expected that het-

erospecinc sperm would fertilize one-third to one-fifth of

the eggs fertilizable by conspecific sperm, because the re-

sults show that eggs will bind approximately one-third to

one-fifth as many heterospecific sperm as conspecific

sperm. Typically, however, only a much smaller propor-
tion of eggs in heterologous crosses eventually become
fertilized. This indicates that sperm-egg attachment is not

the only barrier to cross-fertilization in Echinometra. Un-
der certain conditions, sperm from Strongylocentrotus

purpiiratm will attach to the vitelline layer of eggs from

the highly divergent urchin Arbacia punctulata, yet only
a small proportion of the eggs fertilize (Glabe?? ai. 1981).

On the basis of these observations, Glabe et ai suggested
that in heterospecific crosses, bound sperm may not always
be capable of penetrating the vitelline layer and developing

continuity with the egg plasma membrane.

Step 4: Interactions ofattached gametes and sperm-egg

fusion. The best-known indicator of sperm-egg fusion is

the fertilization envelope. However, elevation of the fer-

tilization envelope is a complex process that normally
occurs only after the egg has undergone a series of changes
induced by fusion with the sperm (reviewed in Jaffe, 1986;

Kay and Shapiro, 1985); hence it is an indicator of com-

pleted gamete fusion. By contrast, the earliest stages of

the gamete fusion process are indicated by transmembrane

electrical changes during interaction of the attached sperm
and egg (Chambers, 1989; Whitaker et ai. 1989; Cham-
bers and McCulloh, 1990). It is not yet known whether

complete fusion of the sperm and egg plasma membranes
is required for the sperm to influence the egg transmem-
brane potential. It is clear, however, that if plasma mem-
branes have fused, then electrical continuity must exist

between the gametes. Eggs held at the resting potential by

voltage clamping are prevented from undergoing the nor-

mal depolarization that accompanies gamete fusion; in-

stead, transient fusion of a sperm creates a transient

transmembrane current (Chambers, 1989). We measured
the incidence of these transient currents in voltage-

clamped eggs to directly compare the ability of conspecific
and heterospecific sperm to initiate the process of fusion.

In reciprocal heterospecific crosses of Hawaiian Echino-

metra species, sperm were typically incapable of devel-

oping temporary electrical continuity with the egg. Thus

species-specificity resides in the interactions of the sperm
acrosomal surface and the egg vitelline layer that bring
the plasma membranes together and allow fusion to occur.

Levels ofreproductive isolation

Species-specific gamete interactions contribute directly

to reproductive isolation between sea urchin species. In

some cases, however, sympatric congeneric sea urchins

fertilize readily in one or both directions of hybrid crosses

(Shearer?? a/., 1913;Strathmann, 1 981; Lessios and Cun-

ningham, 1990; Uehara et ai. 1990). When barriers are

not present at fertilization, other types of reproductive
isolation including habitat segregation, timing of

spawning, and postmating incompatibilities are likely

to be involved in maintaining distinctions between marine

species (see review by Knowlton, 1993).

Hybrid sterility and inviability are important aspects

of postmating reproductive isolation in Drosophila and
other organisms (reviewed by Coyne and Orr, 1989;

Coyne, 1992). However, because of difficulties rearing sea

urchins, little is known about postmating isolating mech-
anisms in this group. In Hawaii, the existence of rare

morphologically intermediate urchins suggests that viable

and fertile hybrids may result from interspecific crosses

between E. mathaei and E. oblonga in nature (Kelso,

1970; Palumbi and Metz, 1991). Although the strength

ofpostmating isolation remains unclear, the strong gamete

incompatibilities that have evolved act first during repro-

duction and are probably most important in maintaining
barriers to gene flow in present populations.

Mechanisms ofgamete incompatibility

In the genus Strongylocentrotus. the sperm acrosomal

protein bindin has been shown to species-specifically at-

tach the sperm to a receptor on the egg vitelline layer

(Vacquier and Moy, 1977; Glabe and Vacquier, 1977;

Minor et ai. 1989, 1991; Lopez et ai. 1993; Foltz et ai.

1993; Foltz and Lennarz, 1993). In addition to its re-

sponsibility for attaching gametes, the bindin-receptor in-

teraction is also likely to have a role in setting up plasma
membrane fusion (Glabe, 1985; Foltz and Lennarz, 1993).

The steps of fertilization that involve bindin correspond
to the steps that are reciprocally species-specific in closely

related Echinometra congeners.

Bindin and its receptor could contribute in two ways
to the reciprocal barrier to fertilization between Hawaiian

Echinometra species. First, heterospecific bindin might
not be properly recognized by the receptor on the egg

vitelline layer, resulting in the reduced gamete attachment

that we observe. Second, mismatched heterologous bin-

din-receptor complexes that occasionally succeed in at-

taching gametes might not be capable of undergoing sub-

sequent molecular interactions associated with membrane
fusion. This could result in the barrier to the formation

of continuity of the sperm and egg plasma membranes
that we observe. Other recognition molecules are probably

also involved in the barrier to interspecific fertilization,

especially during the complex process of gamete fusion

(Whitaker et ai. 1989; Foltz and Lennarz, 1993).
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ll'hich fertilization steps are evolutionarily lahile?

Species-specific fertilization arises as gamete recognition

molecules differentiate, so recognition molecules that have

the most freedom to vary within populations over time

are likely to be the ones that first develop species-speci-

ficity. In sea urchins, different steps of fertilization are not

equally likely to become blocked between species. The

responses of the sperm to egg jelly, including the acrosome

reaction, are often not strongly and reciprocally species-

specific, except in crosses between divergent species

(Summers and Hylander, 1975; Minor el ai. 1991).

Components of egg jelly, including a fucose sulfate gly-

coconjugate and sperm-activating peptides, operate to-

gether to initiate the acrosome reaction (reviewed in Ward

and Kopf. 1993). In addition, these molecules initiate

ionic movements across the sperm membrane and cAMP-

dependent protein kinase activity in sperm associated with

sperm activation (reviewed in Trimmer and Vacquier,

1986: Ward and Kopf, 1993). Multiple functions (and in

the case of the fucose sulfate glycoconjugate, a complex

biosynthetic pathway), are likely to create constraints on

the variability of the egg jelly components. Constraints

such as these could prevent rapid differentiation of species-

specificity.

The attachment and fusion steps of sea urchin fertil-

ization, which are most often species-specific, are likely

to be mediated by molecules that have more freedom to

differentiate. Reciprocally incompatible attachment and

fusion suggest that two complementary recognition mol-

ecules, such as bindin and its receptor, both differentiate

between species. In Strongylocentrotus bindin and its re-

ceptor, protein-protein recognition involving direct bind-

ing of polypeptides expressed on the two gametes has been

found. Unmodified bindin polypeptide attaches to the egg

surface (Lopez el a!., 1993). and conversely, a region of

the receptor polypeptide binds to bindin particles (Foltz

et ai. 1993). In addition, treatment of eggs with a peptide

derived from bindin can inhibit fertilization, presumably

by binding to the receptor (Minor et a/., 1993). All of

these effects are species-specific and support the view that

recognition and binding result primarily from interactions

of polypeptide domains. As species differentiate, genetic

changes could act directly on the amino acid sequence of

recognition domains in proteins expressed on sperm and

eggs. Changes in the surface proteins of both the male

and the female gametes would likely be required for dif-

ferentiation of recognition. Constraints on such changes

may be substantial, but would be lessened if they were

uncoupled from other functional constraints of cell phys-

iology. Accordingly, recognition domains of proteins

might be susceptible to relatively rapid differentiation, and

gamete interaction steps mediated by this type of recog-

nition might reasonably be the first to evolve reciprocal

species-specificity and premating reproductive isolation.

Reciprocal gamete incompatibility between recently

diverged Echinometra species occurs during the stages of

fertilization in which bindin and its receptor play a major

role. We recently obtained the nucleotide sequences of

bindin genes from these urchins and found that they are

substantially differentiated (E. C. Metz and S. R. Palumbi,

in preparation). Further studies of the Indo-Pacific Echi-

nometra species group may aid our understanding ofhow

gamete recognition evolves and contributes to differen-

tiation of species.
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Abstract. Individuals of Asterias nihens and Marthas-

terias glacialis use their podia in locomotion, anchorage,

and feeding. Each podium consists of a stem with a disk

at its tip. The stem allows the podium to lengthen, flex,

and retract, and the disk allows the podium to adhere to

the substratum. Adhesion of sea star podia seems to rely

on the epidermal secretions of the disk and not on a me-

chanical sucker-like operation. The disk epidermis is made

up of five cell types: nonciliated secretory cells (NCS cells)

oftwo different types (NCS1 and NCS2), both containing

granules that are at least partly mucopolysaccharidic in

composition; ciliated secretory cells (CS cells) containing

small granules of unknown content; nonsecretory ciliated

cells (NCS cells); and support cells. The epidermal cells

of the podial disk are presumably functioning as a duo-

gland adhesive system that is involved in an adhesive/de-

adhesive process. The following model is presented. Ad-

hesive secretions are produced by NCS1 and NCS2 cells

(both of them have extruded some of their secretory gran-

ules in attached podia). These secretions constitute a layer

of adhesive material between the podium and the sub-

stratum, this layer being the footprint left by the podium
after it has become detached from the substratum. De-

adhesion, on the other hand, would be due to CS cell

secretions. All these secretions would be controlled by

stimuli perceived by the two types of ciliated cells (receptor

cells), which presumably interact with the secretory cells

via the nerve plexus.

Introduction

Marine organisms have developed a wide range of

mechanisms allowing them to attach to a substrate or to

Received IX August 1993; accepted 23 May 1994.
* Research Assistant. National Fund for Scientific Research (Belgium).

handle it (Nachtigall, 1974). Among these mechanisms,

one can distinguish between mechanical attachments

(with, for example, hooks or suckers) and chemical at-

tachments (with adhesive substances). The way the former

operate is generally obvious, whereas the functioning of

the latter remains enigmatic.

Asteroid podia are traditionally viewed as suckered or-

gans in which adhesion is partly due to suction (mechan-

ical attachment) and partly to adhesives (chemical at-

tachment) (Smith, 1937; Nichols. 1966). According to

Paine (1926), about half of the adhesive force of the podia

comes from suction and half from adhesive secretions.

However, there is no agreement on this ratio. Some au-

thors argue that the part of the percentage allotted to ad-

hesive secretions has been underestimated (Thomas and

Hermans, 1985); others believe that suction has been

overlooked (Smith, 1991).

As far as the chemical mechanism is concerned, Her-

mans (1983) proposed that all echinoderm podia possess

duo-gland adhesive systems enclosing two types of secre-

tory cells (viz.. cells releasing an adhesive secretion and

cells releasing a de-adhesive secretion) that are involved

in the attachment to the substratum. But McKenzie (1988)

concluded that morphological observations supporting

such adhesive systems are rare and that more ultrastruc-

tural studies of echinoderm podia are needed.

This work, continuing an extended comparative ultra-

structural study of echinoderm podia, describes the lo-

comotory podial disk in two species of asteriid asteroids,

Asterias nibens and Marthasterias glacialis. The study

deals with the attachment mechanism of the podia on the

substrate (mechanical versus chemical). It focuses es-

pecially on the epidermal secretory cells and their possible

participation in a duo-glandular model of adhesion.

35
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Materials and Methods

Individuals ofAsterias ntbens Linne, 1758, were col-

lected intertidally in Audresselles (Pas-de-Calais.

France) in November 1991; individuals of Marthaster-

ias glacialis (Linne, 1 758) were collected by scuba div-

ing in Brest harbor (Brittany, France) in November
1990. Individuals of both species were transported to

the marine biology laboratory of the University of Mons
where they were kept in a marine aquarium with closed

circulation (13C, 33%o salinity) and fed with mussels

(Mytihis ediilis Linne, 1758).

Light microscopy

Podia were cut off individuals that had previously been

anesthetized with propylene phenoxetol (0.1% in seawa-

ter). The podia were fixed in Bouin's fluid, embedded in

paraplast, and cut into 7 nm thick sections. The sections

were stained with Masson's trichrome and Mayer's hem-
alum coupled with phloxine and light green. Alcian blue

(pH 2.6) and the periodic acid-Schiff (PAS) techniques

were used in the detection of mucopolysaccharides, and

mercuric bromophenol blue and Danielli's technique in

the detection of proteins (Ganter and Jolles. 1969-1970).

Scanning electron microscopy (SEM)

Podia were fixed in Bouin's fluid for 24 h. They were

dehydrated in graded ethanol, dried by the critical point

method (with CO: as transition fluid), mounted on alu-

minum stubs, coated with gold in a sputter coaler, and
observed with a JEOL JSM-6100 scanning electron

microscope.

Footprints were prepared as follows. Podia were allowed

to adhere firmly to clean glass coverslips. After the podia
had detached themselves, the coverslips were soaked in

Bouin's fluid and prepared for SEM by critical-point

drying.

Transmission electron microscopy (TEM)

Two sets of podia were investigated: unattached podia
that did not adhere to any substratum and attached podia
that adhered to hardened Spurr blocks. Because podia do
not adhere to clean Spurr blocks, the blocks had been

placed in seawater for 4-5 days to allow the formation of

a primary film. (The primary film is a moderately negative

layer, consisting of adsorbed macromolecules and bac-

teria, that coats all marine surfaces; Characklis. 1981.)

The unattached podia were fixed in 3% glutaraldehyde in

cacodylate buffer (0.1 M. pH 7.8) for 3 h at 4C, rinsed

in cacodylate buffer, and postfixed for 1 h in 1% osmium
tetroxide in the same buffer. The attached podia were

fixed according to the same protocol as the unattached

podia but with the addition of 0.05% ruthenium red to

both the primary fixative and the postfixative (Luft, 1971).

This technique allows better preservation of extracellular

acid mucopolysaccharides as well as their labeling. After

a final wash in buffer, both sets of podia were dehydrated
in graded ethanol and embedded in Spurr. Ultrathin sec-

tions (40-70 nm) were cut with an LK.B III ultramicro-

tome equipped with a diamond knife. They were stained

with uranyl acetate and lead citrate and observed with a

Zeiss EM 10 transmission electron microscope.

Results

External morphology ofthe podia

The locomotory podia of both Asterias nthens and

Marthasterias glacialis are arranged in four longitudinal

rows on the oral surface of the arms. In a specimen of A.

ruhens with arms about 5 cm long, a podium at the middle

of the arm is about 1 mm in diameter and 10 mm in

length when protracted. These measurements, in a spec-

imen of .\/. glacialis of about 10-cm arm length, are

1.5 mm and 20 mm, respectively. Each podium consists

of an extensible cylindrical stem topped by a somewhat

wider flat disk (Figs. 1.2).

The surface of the disk is sprinkled with uniformly dis-

tributed cilia and pores (Fig. 3). In both species, there are

about 10 cilia/ 100 /JITT and about 4 times as many pores.

The cilia are about 1 /urn long (Fig. 4). The pores measure

about 600 nm in diameter in A. rubens (Fig. 5), but only
about 450 nm in M. glacialis (Fig. 4). Secretory material

extruded through the pores was clearly visible on some

podia (Fig. 5).

Histology and cytology ofthe podial disk

The disk consists of four tissue layers that are, from the

inside to the outside, a mesothelium, a connective tissue

layer, a nerve plexus, and an epidermis covered by a cuticle

(Figs. 6, 7).

Disk inner tissues. The inner tissues of the disk in the

two species are very similar structurally, and the following

description applies to both of them.

The mesothelium surrounds the ambulacra! lumen.

It is a pseudostratified epithelium comprising three cell

types: adluminal cells, glandular cells, and myoepithe-
lial cells; all of them contact the underlying basal lam-

ina. Adluminal cells line the ambulacra! cavity. These

are T-shaped monociliated cells with a long vibratile

cilium (Fig. 8) surrounded by a ring of about 10 mi-

crovilli. Glandular cells occur singly among the adlu-

minal cells. Their cytoplasm is filled with membrane-
bound, electron-dense secretory granules whose diam-

eter varies between 0.7 and 1.5 /jm (Fig. 9). Adluminal

cells are bound together and to glandular cells by junc-

tional complexes consisting of an apical zonula adher-
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Figures 1-5. Outer aspect of the locomotory podia in Animus nihcn.\ and Marthasterias glacialis. C,

cihum; D, disk; P, pore; S, stem; SM. secretory material.

Figure 1. Podium (.). rulvus).

Figure 2. Podium (.\t glai'ialis).

Figure 3. Disk surface (M. glacialis).

Figure 4. Detailed view of cilia and pores (M. glucialis).

Figure 5. Disk surface with secretory material (.1 rithenx).

ens and a subapical septate desmosome. Both types of

cells send basal processes that pass between myoepi-
thelial cells before contacting the basal lamina. Myo-

epithelial cells are located below the cell bodies of the

adluminal and glandular cells. They contain a bundle

of myofilaments (Fig. 8) associated with numerous mi-

tochondria and are bound together by regularly spaced

desmosome-like junctions. The myoepithelial cells are

arranged to form the muscle systems of the podia (that

is, the retractor, the levator, and the radial systems; see

Smith, 1947, for a detailed description of these systems

in A. rubens). Intermingled with myoepithelial cells are

slender cell processes (cell bodies have never been ob-

served in the mesothelium) whose cytoplasm is tilled

with electron-dense membrane-bound granules (about

200 nm in diameter). These cells are similar to the
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granulocytes described by Wood and Cavey (1981 ) in

the podial mesothelium of the asteroid Stylasterias

forreri.

The connective tissue layer, which occupies most of

the volume of the disk, is made of an amorphous ground
substance that encloses collagen fibers and elongated cells

with an electron-dense cytoplasm, which may be nbro-

cytes. Granulocytes resembling those in the mesothelium

are also present (Fig. 10); they contain many electron-

dense, spherical to ellipsoidal granules, 100 to 250 nm in

diameter. The connective tissue layer consists mainly of

a circular structure the terminal plate that underlies

and supports the whole disk (Fig. 6). The center of the

plate is much thinner than its margin, which forms a

thickened rim continuous, proximally, with the cylindrical

connective tissue sheath of the stem. Distally, the surface

of the terminal plate is drawn out into a series of radial

laminae that thrust into the epidermis of the disk (Fig. 7).

Within these laminae, collagen fibers are arranged lon-

gitudinally (Fig. 10). A few micrometers before reaching

the apical surface of the podium, the distal edge of each

lamina divides into numerous collagen-rich sheets that

insinuate between the epidermal cells and attach apically

to the support cells of the epidermis.

The nervous tissue of the disk consists chiefly of two

components. First, at the base of the disk, the nerve plexus

of the stem is thickened to form the nerve ring (Fig. 6).

It comprises nerve cell bodies as well as numerous neurites

that contain mitochondria, microtubules, and clear or

dense-core vesicles. Second, the nerve ring gives off radial

branches that extend over the proximal surface of the ter-

minal plate, where they run between the radial connective

laminae. The radial nerve strands are made up of neurites

that run mainly in a plane parallel to the apical surface

of the podium (Fig. 1 1). Small bundles of neurites may
also be observed between the basal parts of the epidermal

secretory' cells.

Disk epidermis. In both .-1. rubens and Af. glficialis. the

disk epidermis is made up of five cell types: nonciliated

secretory cells (NCS cells) of two different types (NCS1

and NCS2); ciliated secretory cells (CS cells); nonsecretory

ciliated cells (NSC cells); and support cells (Figs. 12-15).

SC NCS1 NSCNCS2 CS SC

CTL

Figure 12. Reconstruction of a transverse section through a radial

epidermal strip located between two adjacent connective tissue laminae

(not to scale). BB. basal body; BF, bundle of filaments; BL. basal lamina;

C, cilium; CS, ciliated secretory cell; CTL. connective tissue lamina; CU.

cuticle; G. Golgi zone; MI. mitochondrion; MT, microtubule; MV. mi-

crovillus: NCS1. type 1 nonciliated secretory cell; NCS2, type 2 noncil-

iated secretory cell; NS. nerve strand; NSC. nonsecretory ciliated cell;

P. pore; RER. rough endoplasmic reticulum cisternae; SC, support cell;

SD. septate desmosome; SG, secretory granule; SR, striated rootlet; V,

vesicle; ZA. zonula adherens.

All of these cells are connected apically by junctional

complexes made up of a distal zonula adherens and a

proximal septate desmosome. In the epidermis, support

cells are the most numerous and form a supportive mesh-

Figures 6-11. Fine structure of the disk of locomotory podia of Asterias rubens and Marthasterias

gladalis. AL, adluminal cell; BL. basal lamina; BM. bundle of myofilaments; C, cilium; CL. connective

tissue lamina; CSE. ciliated secretory cell tapered basal end; E. epidermis; FC. fibrocyte-like cell; GC, gran-

ulocyte; L, ambulacral lumen; M. mesothelium; N, nucleus; NCS1, type 1 nonciliated secretory cell; NP,

nerve processes; NR, nerve ring; NS, nerve strand; SC, support cell; SG. secretory granule; TP, terminal

plate; ZA, zonula adherens.

Figure 6. Longitudinal section through the disk (M. gladali*).

Figure 7. Transverse section through the disk (M gladalis).

Figure 8. Longitudinal section through the mesolhelium (Af. glacialix).

Figure 9. Glandular cell of the mesothelium (A- rithcnx).

Figure 10. Transverse section through a connective tissue lamina (,U. gladalt v).

Figure 11. Disk nerve strand (M. gladalis).
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work in which the other cell types are homogeneously

distributed; the relative proportion of NCS1, NCS2, CS,

and NSC cells is, respectively, 4:4:1:2.

Nonciliated secretory cells (NCS1 and NCS2 cells) are

about 250 nm long and flask-shaped. Their enlarged cell

bodies are located basally, at the bottom of the grooves

made up by adjacent connective laminae and close to the

radial nerve strands (Figs. 12, 15). Each cell body sends

out a long apical process that reaches the apex of the po-

dium (Figs. 12-14). The cytoplasm of both the cell body
and the apical process is filled with densely packed mem-
brane-bound secretory granules. In both NCS1 and NCS2
cells, the material enclosed in these secretory granules

stains with alcian blue pH 2.6. The cytoplasm of the cell

body also contains a well-developed Golgi apparatus, mi-

tochondria, and cisternae of rough endoplasmic reticulum

(RER) that are sometimes distended and filled with

amorphous material (Fig. 16, 21). Developing secretory

granules are closely associated with Golgi membranes and

RER cisternae, suggesting that these organelles are in-

volved in the synthesis of the contents of the granules.

Besides secretory granules, the cytoplasm of the apical

process contains longitudinally arranged peripheral mi-

crotubules. At the end of the apical processes, the granules

are extruded through a duct delimited by a ring of mi-

crovilli and opening onto the disk surface as a cuticular

pore (Figs. 12, 13). These pores correspond to those ob-

served on SEM pictures of the disk surface (Figs. 3, 5).

The secretory granules ofNCS 1 cells are ellipsoids about

1 ^m long and 0.6 nm in diameter (Figs. 17-20). They
have a complex ultrastructure. Most of their volume is

occupied by a bundle of parallel rods about 30 nm in

diameter. These rods are somewhat more numerous in

the granules of A. ntbcns (about 180, Fig. 18) than in

those of M. glacialis (about 120, Fig. 20). In the latter,

the rods appear to be embedded in material that is more

electron-dense. Each bundle of rods is surrounded by a

ring of the same density as the rods and separated from

the granule membrane by a clear belt. The secretory gran-

ules of NCS2 cells are spherical in A. nibens (about

550 nm in diameter. Fig. 21) and slightly ellipsoidal in

M. glacialis (about 500 nm in length and 300 nm in di-

ameter. Fig. 22). They contain electron-lucent, finely

granular material surrounded by a clear belt. In M. gla-

cialis, some of these granules have an inner core that is

more electron-dense (Fig. 22).

Ciliated secretory cells (CS cells) have the same shape

and size as NCS cells. They possess an enlarged nucleus-

containing cell body and a long and narrow apical process

that ends with a bulge just beneath the cuticle (Figs. 12,

13, 23). The entire cytoplasm of the cell (basal part, pro-

cess, and bulge) is filled with membrane-bound secretory

granules. These granules are spherical in A. nibens, 300-

450 nm in diameter (Fig. 24). They enclose an electron-

dense homogeneous material surrounded by a thin, clear

belt. In M. glacialis, the granules are spherical to ellip-

soidal, 250-300 nm in diameter (Fig. 23). They contain

an electron-dense fibrillar core surrounded by a less dense

ring. The cytoplasm contains many mitochondria and

RER cisternae. The apex of the CS cells is devoid of mi-

crovilli but bears a subcuticular cilium with a striated

rootlet (Fig. 23). The very basal part of the cell is tapered

and thrusts into the radial nerve strand (Figs. 11, 12).

Nonsecretory ciliated cells (NSC cells) are narrow and

have a centrally located nucleus (Figs. 12, 13). Their cy-

toplasm includes mitochondria, small, clear vesicles of

various shapes and sizes, and longitudinally arranged mi-

crotubules(Fig. 25). Their characteristic feature is a single

short cilium (about 3 ^m long) whose apex protrudes into

the outer medium. The cilium has a regular 9x2 + 2

arrangement of microtubules and possesses a striated

rootlet. It is surrounded by a ring of nine microvilli. These

cilia are visible on SEM pictures of the disk surface (Fig.

3). NSC cells, like CS cells, terminate within the radial

nerve strands.

Support cells have a centrally located nucleus (Figs. 12,

14). Their cytoplasm contains mitochondria and some

clear vacuoles. Their apical surface bears numerous mi-

crovilli, and their base contacts the basal lamina of the

epidermis either on the bottom of the grooves formed by

adjacent connective laminae (thus traversing the radial

nerve strands) or on the laminae themselves. One longi-

tudinal bundle of intermediate filaments traverses the cell

and joins its apical and basal membranes (Figs. 12, 25).

Figures 13-20. Fine structure of the disk epidermis of locomotory podia of Asterias nibens and Mar-

thaxierias glacialis. AP. NCS cell upper process; C, cilium; CS. ciliated secretory cell; CL, connective tissue

lamina; CSG. condensing secretory granule; G, Golgi zone; N, nucleus; NCS I, type 1 nonciliated secretory

cell; NCS2, type 2 nonciliated secretory cell; N, nucleus; NS, nerve strand; NSC. nonsecretory ciliated cell;

P, pore.

Figures 13-15. Longitudinal sections through the disk epidermis (apex, mid part, and basal part; re-

spectively) (M- glacialis).

Figure 16. Nucleus-containing basal part of a type 1 nonciliated secretory cell (NCS 1 cell) (Af. glacialis).

Figures 17, 18. NCS1 cell secretory granules in. -\. nibens (longitudinal and transverse section, respectively).

Figures 19, 20. NCS1 cell secretory granules in M. glacialis (longitudinal and transverse section, re-

spectively).
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Figures 21-25. Fine structure of the disk epidermis of locomotory podia of AMcnas mbens and Mar-

lhasterias gladalis. BF, bundle of filaments; C, cilium; CS, ciliated secretory cell; CU, cuticle; G. Golgi

zone; MI. mitochondrion; MV, microvilli; NSC, nonsecretory ciliated cell; SC. support cell; SG, secretory

granule; SR, striated rootlet; V, vesicle.

Figure 21. Nucleus-containing hasal part of a type 2 nonciliated secretory cell (NCS 2 cell) (.-I- rubens).

Figure 22. NCS2 cell secretory granule (A/, gladalis).

Figure 23. Apical bulge of a ciliated secretory cell (CS cell) (A/ xlm-uiHx).

Figure 24. CS cell secretory granules (.J. rubens).

Figure 25. Apex of a nonsecretory ciliated cell (A/ i;U/ciali\).

A few micrometers before iv;u hing the disk surface, sup-

port cells enlarge, forming an a ;ichment area for the col-

lagen fibers of the connective tissue sheets.

A two-layered cuticle covers the epidermal cells of

the disk (Figs. 12, 23, 30). The cuticle is traversed by
the epidermal cell microvilli and by the tips of the cilia

of NSC cells, and is regularly interrupted by the secre-

tory pores of NCS cells. It consists of an internal fila-

mentous layer (about 600 nm thick in A. ruhcns and

350 nm in .17. glacialis) and an external granular layer

(about 200 nm thick in A. nthens and 100 nm in M.

glacialis). The external layer is strongly labeled with

ruthenium red, showing that it bears many negatively

charged sites (Luft, 1971). The cuticle is separated from
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the epidermis by a subcuticular space that is wider in

W x/acuilis than in . I. nihcna.

Footprints anil attached podia

The footprints left by the podia of both A. rubens and

M. glacialis have the same shape and the same diameter

as the podial disks (Fig. 26). Almost the whole surface of

the print consists of adhesive material, except for some

small areas that lack it (i.e.. one central circular zone and

a few radial or concentric narrow stripes). Other footprints,

less numerous, are completely full of adhesive material.

Three different aspects of the adhesive material can be

recognized: these may occur together in the same footprint

and probably represent three successive stages in the ac-

cumulation of adhesive during the secretion process. In

the first stage, the adhesive material has the shape of a

network with a mesh of about 3 nm (Fig. 27). The second

stage is characterized by the addition of secretory material

that gives the footprint a felt-like appearance (Fig. 28). In

the third stage, the adhesive material becomes still thicker,

forming a homogeneous layer that completely covers the

glass substratum (Fig. 29).

Smaller prints (Fig. 30) observed on the edges of the

coverslips correspond to podia that adhered by the margin

of their disk. The adhesive strength produced by these

podia was equivalent to that of podia attached by their

entire disk.

Electron micrographs of attached podia of A. rubens

and M. glacialis reveal secretory material forming an ad-

hesive layer between the podium and the substratum (Fig.

3 1 ) more exactly, between the cuticle and the thin pri-

mary film covering the Spurr block. (The film stains

heavily with ruthenium red, demonstrating that it bears

many negatively charged sites; Luft, 197 1 ). The material

of the adhesive layer is a compact fibrillar matrix (Fig.

3 1 ). It binds ruthenium red, though the labeling is weaker

than on both the primary film and the external layer of

the cuticle.

The adhesive material clearly arises from the two types

of nonciliated secretory cells (NCS1 and NCS2 cells; Figs.

30-33). The material enclosed in their most apical secre-

tory granules (the outermost few, ranging from 1 up to

10 in some NCS1 cells) appears to swell, losing its usual

aspect (Fig. 32). The apical cell membrane and the mem-

branes of the secretory granules vanish, and the granule

content is extruded through the cuticular pores (Fig. 33)

in the space between the podium and the substratum,

forming the adhesive layer.

As for the CS cells, they have the same morphology in

attached and unattached podia (Fig. 34); i.e.. they do not

appear to have extruded any of their secretory granules.

Discussion

Individuals of Asterias rubens and Marthasterias gla-

cialis use their podia in locomotion and anchorage, and

to open the bivalve mollusks on which they feed (Law-

rence, 1987). These podia consist of a cylindrical stem

topped by a specialized disk. The stem and the disk to-

gether form a functional unit: the stem allows the podium

to lengthen, ilex, and retract through the action of the

podial retractor muscle on the ambulacra! fluid and the

disk allows it to adhere to the substratum.

Podial adhesion: mechanical versus chemical

attachment

The disk has the classical tissue stratification of echi-

noderm podia; that is, from the inside to the outside, a

mesothelium, a connective tissue layer, a nerve plexus,

and an epidermis (Kawaguti, 1964; Florey and Cahill,

1977; Wood and Cavey, 1981).

In the mesothelium, myoepithelial cells arrange to form

three muscle systems: the retractor, the levator, and the

radial systems. The levator and the radial muscle systems

have been implicated in a sucker-like mechanical oper-

ation of the disk; the former providing the suction and

the latter releasing it (Smith, 1947).

Suction has often been regarded as the primary means

of podial adhesion in seastars. Paine (1926), who studied

the podia of Asterias vulgaris. concluded that 56% of po-

dial attachment would be contributed by suction and the

rest by adhesive secretions. Recently. Smith (1991) re-

evaluated the adhesive strength of suckers in water and

suggested that suction may have been underestimated in

the adhesive organs of several invertebrates, including

sea stars. On the other hand, Thomas and Hermans (1985)

found that podia of the sea star Leptasterias he.xactis ad-

hered very strongly to a fine-meshed, stainless steel plank-

ton screen that precluded the podia from using suction.

These workers concluded that, although sea star podia

may use suction, it is a secondary adjunct to the adhesion

established by secretions.

Data presented in this report support this second hy-

pothesis: first, many epidermal secretory cells cover the

entire apical surface of the disk; second, the footprints are

completely (or almost completely) full of adhesive ma-

terial; and third, podia may adhere strongly with only the

margin of their disk (leaving crescent-shaped footprints).

These complementary features argue for an adhesive pro-

cess principally mediated by secretion. In this event, the

musculature of the disk would act to modify the apical

surface of the disk, molding it exactly to that of the sub-

stratum. However, suction cannot be ruled out altogether;

i.e.. the muscular equipment in the podial disk can cer-

tainly develop suction sufficient to reinforce adhesion

(Smith, 1991).

Comparison with other echinoderms

The disk epidermis consists of five cell types: two types

of nonciliated secretory cells containing granules whose
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content is at least partly mucopolysaccharidic (NCS1 and

NCS2 cells); ciliated secretory cells containing granules

of unknown content (CS cells); nonsecretory ciliated cells

(NSC cells); and support cells. The cilia of CS cells are

subcuticular. whereas those of the NSC cells, although

also short and rigid, traverse the cuticle and protrude into

the outer medium. All of these cells are closely associated

with well-developed nerve strands.

In both species, the two types of NCS cells occurring

in the disk epidermis resemble each other morphologi-

cally: moreover, the tinctorial affinities of their secretory

granules are also similar. This resemblance probably mis-

led earlier students of asteroid podia, for they described

only the NCS 1 cells and failed to recognize the NCS2 cells

(Harrison and Philpott, 1966; Souza Santos and Silva

Sasso, 1968: McKenzie, 1988); only Chaet (1965) de-

scribed the two types of NCS cells in the disk epidermis

of Axterius forbesi. The NCS cells of A. nihens and ,17.

glacialis are typical "apical duct" cells (according to the

terminology of Flammang and Jangoux. 1992); i.e.. their

secretory granules are extruded through a duct that is

walled by microvilli and opens as a pore onto the secretory

surface. Such cells have already been observed in the podia

of paxillosid asteroids, which end not with a disk, but

with a conical tip (Engster and Brown, 1972); in ophiuroid

podia (Ball and Jangoux, 1990): and in the locomotory

podia of several holothuroid species (Harrison, 1968;

Flammang and Jangoux, 1992). In the podia of all these

species, NCS cells are thought to be adhesive in function.

Both ciliated secretory cells (CS cells) and nonsecretory

ciliated cells (NSC cells) terminate within the nerve

strands. This, together with the fact that they both bear a

short and rigid cilium, is indicative of their nervous origin

and sensory function. In addition, CS cells are filled with

secretory granules and, therefore, may be considered neu-

rosecretory-like. Ciliated cells morphologically similar to

these two cell types occur in the podial adhesive areas of

most echinoderm species.

CS cells are remarkably similar in all echinoderm spe-

cies whose podia have been examined. In all cases they

contain small electron-dense granules and often present

a subcuticular cilium (Engster and Brown. 1972; Mc-

Kenzie, 1987; Ball and Jangoux, 1990; Flammang el al,

1991; Flammang and Jangoux, 1992, 1993). CS cells of

A. n/bens and M. glacialis are, however, peculiar because

they possess a large apical bulge instead of the more com-

mon granule-filled, microvillar-like cell processes (Flam-

mang et a/.. 1991; Flammang and Jangoux, 1993); and

also because of the large size of their granules. Some

workers have considered CS cells to be de-adhesive, al-

though the way in which they fulfill this function remains

obscure. Ball and Jangoux ( 1990) proposed that CS cell

secretions could act as neurotransmitters controlling or

terminating the release of the adhesive secretion. On the

other hand, Flammang and Jangoux ( 1993) suggested that

their granule content would be released into the outer

medium, acting directly as a de-adhesive.

NSC cells are monociliated; their cilium traverses the

cuticle and protrudes into the outer medium. These cells,

like CS cells, are almost identical in the podia of all echi-

noderm species studied so far (Engster and Brown, 1972;

Burke, 1980; McKenzie, 1987; Ball and Jangoux, 1990;

Flammang et al.. 1991; Flammang and Jangoux, 1992,

1993).

Comparison with other taxa

Many marine benthic organisms are equipped with

particular secretory organs that allow them to adhere to

the substratum. Three forms of adhesion may be distin-

guished: ( 1 ) loose adhesion involving mucus and permit-

ting simultaneous adhesion and movement along the

substratum (e.g.. the foot secretions of some mollusks);

(2) permanent adhesion involving the secretion of a ce-

ment (e.g.. the attachment of barnacles on rocks); and (3)

temporary adhesion allowing an organism to attach

strongly but momentarily to the substratum (Tyler, 1988).

Among the adhesive organs of marine invertebrates,

duo-gland organs, enclosing two types of secretory cells

(vi:., cells releasing an adhesive secretion and cells re-

leasing a de-adhesive secretion) and involved in temporary

attachment, are morphologically the closest to echinoderm

podial adhesive systems. These duo-gland adhesive organs

are very frequently found in small invertebrates inhabiting

Figures 26-34. Footprints and attached podia ofAsterias mbens and Marthasterias glacialis. Arrowheads

indicate the primary film; arrows indicate the external layer ofthe cuticle. AM. adhesive material; CS. ciliated

secretory cell; CU. cuticle; GE. granules in the process of extrusion: NCS1, type 1 nonciliated secretory cell;

NCS2. type 2 nonciliated secretory cell; P, pore; S. substratum; SO. secretory granule; SM, secretory material;

SR. striated rootlet.

Figure 26. Footprint of M. glai'iuli*

Figures 27-29. The three aspects of the secretory material (M. glacialis).

Figure 30. Crescent-shaped footprint left by the margin of a podium of .-I. rithcnx on the edge of a

coverslip.

Figure 31. Attached podium of , I rithcn.\.

Figures 32, 33. Apical part and secretory pore, respectively, of a NCS1 cell (.-1. rnhcns).

Figure 34. Ciliated secretory cell (M. #
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the interstitial environment for example, in Turbellaria

(Tyler, 1976); in Gastrotricha (Tyler and Rieger, 1980);

in Nematoda (Adams and Tyler, 1980); and in Polychaeta

(Gelder and Tyler, 1986). In every species studied, the

adhesive organs contain two types of closely associated

secretory cells. Cells of the first type are specialized epi-

dermal cells similar to echinoderm NCS cells, and they

release an adhesive material. Cells of the second type are

derived from sensory nerve cells and resemble echinoderm

CS cells; they are de-adhesive in function. They release

their secretory granules through a pore adjoining the se-

cretory pore of the adhesive cell.

A duo-gland adhesive system has also been described,

recently, in the captacula (i.e., the food-collecting tenta-

cles) of scaphopod mollusks (Byrum and Ruppert, 1994).

still widening the distribution range of this adhesive system
in marine invertebrates. In the species examined, Grap-
tacme calamus, the secretory cells look strikingly similar

to echinoderm NCS and CS cells.

A modelfor the adhesive mechanism ofsea star podia

Epidermal cells of the podial disk of A. nibens and M.

glacialis are presumably involved in adhesion and de-

adhesion and function as a duo-gland adhesive system,

as proposed by Hermans (1983). In the functional model

we propose, adhesive and de-adhesive secretions are pro-

duced by NCS and CS cells, respectively.

We consider the two types of NCS cells to be adhesive

because they are the only secretory cells having extruded

some of their secretory granules in attached podia. More-

over, these cells have been suggested to be adhesive in

every podium so far studied. Their secretions form the

adhesive layer joining the podium to the substratum; this

layer remains on the substratum as a footprint after the

podium has become detached.

The de-adhesion would be due to the material enclosed

in the granules of CS cells. Indeed, there must be a de-

tachment mechanism that is under control of the animal

and allows the podia to easily become detached from the

substratum. The CS cells are the best candidates for this

function. In A. rubens and M. glacialis, the way their

secretions are exocytosed is enigmatic; but, by analogy
with echinoid CS cells, we believe that their secretory

granules are extruded and act at the surface of the disk.

This de-adhesive material would also prevent particles

from accumulating on the adhesive surface of the disk.

All of these secretions are presumably controlled by
stimulation ofthe two types of ciliated cells (receptor cells),

which then interact with the secretory cells by means of

the nerve strands. Because the cuticle-protruding cilia of

NSC cells are the first to contact the substratum, it is

likely that they trigger NCS cell secretion. On the other

hand, the release of secretory granules by the CS cells

would be induced by a stimulation of their subcuticular

cilia.

The significance of two types of adhesive cells in the

podial disk epidermis of both A. rubens and M. glacialis

is obscure. Furthermore, asteroid podia are not exceptions:

ophiuroid podia also have two types of adhesive cells (Ball

and Jangoux, 1 990), as do holothuroid locomotory podia

(Flammang and Jangoux, 1992); and in non-echinoderm

invertebrates, the co-occurrence of two types of adhesive

cells has been reported in a species of turbellarians (Ehlers,

1989). Maybe the two secretions combine to form a special

type of adhesive secretion. Another possibility is that one

type of adhesive cell is used only in locomotion on hor-

izontal substrata, whereas both types are necessary during
locomotion on vertical substrata or for anchorage, when
a stronger adhesive bond is required.

Tyler (1988) suggested that most adhesives in marine

organisms involve an association of protein and glycans.

In both A. rubens and M. glacialis, the adhesive secretion

is probably a polysaccharide-protein complex, with the

main component being an acid mucopolysaccharide

(positive reaction of NCS cells with alcian blue pH 2.6,

ruthenium red labeling of the adhesive layer between po-

dia and substratum). We failed to detect proteins, but

Perpeet and Jangoux ( 1973) found a protein component
in NCS cell secretory granules of ,-1. nibens. This adhesive

material could link the negatively charged cuticle, through

divalent cations, to the negatively charged primary film.

Such a mode of adhesion has already been described in

bacteria (Corpe, 1974; Marshall, 1974) and diatoms

(Cooksey, 1981), and has been proposed in several tur-

bellarians and archiannelids (Martin, 1978). This notion

is, however, contrary to the model that Thomas and Her-

mans (1985) proposed for asteroid podia, in which acid

mucopolysaccharides are considered to be de-adhesive in

function. In the two species studied in this work, the com-

position of the de-adhesive secretion remains unknown,
as it does in all marine invertebrates (Tyler, 1988).
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Abstract. The distribution of glutamate in the tentacles

and oral disk of the sea anemone Metridium senile was

investigated by wholemount immunohistochemistry with

the use of a monoclonal antibody raised against the de-

rivatization product 7-L-glutamyl-L-glutamic acid. Im-

munoreactivity was localized in one class of tentacle ne-

matocysts and on their associated threads. These nema-

tocysts were concentrated at the distal end of tentacles,

none being found at the base of tentacles or in the oral

disk. Muscle end-feet of epitheliomuscular cells also

stained in the longitudinal muscle of tentacle ectoderm.

In contrast, immunostaining in the oral disk was confined

to ectodermal granule-containing cells overlying the radial

muscle. These results support a role for glutamate as an

osmolyte precursor in nematocysts but provide little clue

as to the functional significance of this amino acid in

muscle and gland cells.

Introduction

Glutamate has been identified as an excitatory neuro-

transmitter in the vertebrate central nervous system (CNS)

(Fonnum, 1984; Monaghan et a!., 1989) as well as in in-

vertebrates (Duce, 1988; Leake and Walker. 1980). It is

established as the excitatory neuromuscular transmitter

in arthropods (Usherwood, 1980). Among lower inver-

tebrates, glutamate has been localized by immunohisto-

chemistry in a small population of leech CNS neurons

that may be associated with feeding behavior as well as

with initiation of swimming (Brodfuehrer and Cohen.

1990, 1992). Glutamate also appears to act as an excitatory

neuromuscular transmitter in the flatworm Hymenolepis

diminuta, and glutamate immunoreactivity has been de-
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tected in the longitudinal nerve cord of this species (Webb,

1988; Webb and Eklove. 1989). Thus glutamate appears

to be broadly distributed and evolutionarily conserved in

the nervous systems of invertebrates.

Because cnidarians are considered to be modern rep-

resentatives of the earliest organisms known to possess a

nervous system (Bullock and Horridge, 1965; Anderson,

1990: Mackie. 1990). it is of interest to know whether

amino acid transmitters such as glutamate play a neu-

rotransmitter role in this group. Neuropeptides of the

FMRFamide family were identified and localized to neu-

rons in species from all three cnidarian classes: Hydrozoa,

Scyphozoa, and Anthozoa (Grimmelikhuijzen et al.. 1992,

for review; Anderson et al., 1992). Similarly, conventional

transmitters such as monoamines were detected in various

cnidarians (Carlberg and Rosengren, 1985; De Waele et

al., 1987; Chung etui. 1989; Pani and Anctil, 1994), and

monoamine-containing neurons were visualized by im-

munohistochemistry in the anthozoan Renilla koellikeri

(Umbriaco et al., 1990; Anctil, 1990) and the hydrozoan

Hydra (Carlberg, 1992; Carlberg and Anctil, 1993, for

review). Amino acids, in contrast, have attracted less at-

tention, except recently when taurine was reported to act

electrophysiologically as a neurotransmitter on, and to be

present within neurons of. the ectodermal motor nerve-

net of the jellyfish Cyanea capillata (Anderson and Trap-

ido-Rosenthal. 1990; Carlberg et al., 1993).

Carlyle (1974) reported that glutamic acid reversibly

depressed electrically stimulated contractions of oral

margin/sphincter muscle preparations in the sea anemone

Actinia equina, an effect shown to be pharmacologically

specific. McFarlane et al. ( 1 990) confirmed this glutamate

response on sphincter muscle preparations of the sea ane-

mones Calliactis parasitica and Tcalia j'elina. Further-

more, Carlyle (1974) produced biochemical evidence for

the presence of large amounts of releasable glutamic acid

48
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in the oral margin of A. equina. Taken together, these

observations suggest a possible transmitter role for glu-

tamic acid in sea anemones.

An important criterion for validating glutamate as a

neurotransmitter substance requires that glutamate be lo-

calized within neurons. The present immunocytochemical

study was undertaken in an attempt to provide such ev-

idence in the sea anemone Mctridiitm senile and to search

for a cellular substrate for the above-mentioned modu-

latory action of glutamate. Using a monoclonal antibody

raised against a derivatized glutamate dipeptide, we vi-

sualized immunoreactive ectodermal cells, but not neu-

ronal cells, in the tentacles and oral disk of this species.

Materials and Methods

Specimens of the sea anemone Melridiuni senile were

obtained from Pacific Bio-Marine Laboratories (Venice,

CA) and Marinus Inc. (Long Beach, CA). They were

maintained for several months in recirculated and filtered

artificial seawater (ASW) at 12-14C. The animals were

starved for at least 2 days before they were anesthetized

by gradually replacing the seawater in which they were

immersed with a 1:1 mixture of 0.37 A/MgCl: and ASW.

Several body regions were excised, although the tentacles

and oral disk were investigated in the greatest detail.

The immunocytochemical procedure is based on the

use of a monoclonal antibody characterized by Madl et

al. (1986). The antibody, purchased from INCSTAR. was

raised in mouse against the dipeptide -y-L-glutamyl-L-glu-

tamic acid (-/-Glu-Glu) conjugated to keyhole limpet he-

mocyanin via glutaraldehyde-borohydride. To convert

endogenous glutamate to 7-Glu-Glu, tissues were first

immersed in 5% carbodiimide [(l-ethyl-3-dimethylami-

nopropyl)carbodiimide] (Sigma) freshly made in 0.1 A/

phosphate-buffered saline (PBS, adjusted with NaCl to

seawater osmolarity) for 10-25 min at pH 7.2 and 4C.
This was immediately followed by a fixation with 4% glu-

taraldehyde in PBS for 80 min at pH 7.2 and 4C. Tissues

were rinsed three times in PBS under these conditions

over a period of 12-48 h.

Most of the tentacle and oral disk tissues were then

processed directly for wholemount immunocytochemis-

try. Some column and pedal tissue blocks were immersed

in a graded series of sucrose (up to 30%) in PBS and

embedded in O.C.T. compound (Miles Laboratories). The

latter were frozen by immersion in isopentane chilled with

dry ice. For tissue sectioning, 1 5-;um sections were pre-

pared using a Hacker-Bright cryotome and deposited on

gelatin-chromalum-coated sections.

For immunocytochemistry of either wholemount

preparations or sections, tissues were first incubated in

0.1% H 2O 2 for 10 min to remove endogenous peroxi-

dases, then blocked in 10% normal goat serum diluted

in PBS-TX (0.3% Triton-X- 100 in PBS) for 20 min. Af-

ter tissues were rinsed in PBS (3X5 min), they were

incubated in the primary antibody diluted 1 :750 in PBS-

TX for 16-24 h at 4C. After rinsing as above, tissues

were incubated for 1 2-24 h at 4C in a goat anti-mouse,

peroxidase-labeled secondary antibody, diluted 1:100

in PBS-TX. Tissues were rinsed (3X5 min) in 0.9%

NaCl in 0.05 M Tris at pH 7.6, then reacted with 0.5%

3,3'-diaminobenzidine tetrahydrochloride (DAB,

Sigma) and 0.01% H :O 2 in NaCl/Tris buffer for 10-

25 min. Sections were mounted in Aquamount (BDH)
and wholemounts in glycerol:PBS (3:1).

As a control procedure for the immunostaining, the

primary or secondary antibody was omitted on a few ten-

tacle and oral disk preparations from all 13 animals pro-

cessed in this study. In addition, some wholemounts from

four animals were incubated in the primary antibody (di-

luted 1:750) preadsorbed overnight at 4C with 1 mg/ml
each of 7-Glu-Glu, TV-acetyl-L-glutamic acid (,/V-Ac-Glu).

L-aspartyl-L-glutamic acid (Asp-Glu) or L-glutamic acid

(all from Sigma), after centrifugation for 5 min at 14,000

X g and retention of the supernatant.

Results

Detection ofglutamate immunoreactivity

The following observations are based on wholemount

preparations from 1 1 animals as immunostaining in sec-

tions was less well preserved or added no information

beyond that available in wholemounts. Three types of

immunoreactive elements were detected: ectodermal

nematocysts in tentacles (Figs. 1-4), ectodermal muscle

cells in tentacles (Fig. 5), and ectodermal granule-con-

taining cells of the oral disk (Figs. 6-7). Only the last

type was not detected in all animals examined, being

present in oral disk preparations of six animals. No im-

munostaining was detected in the column and pedal disk

of the specimens.

There was no detectable staining in preparations in

which the primary or secondary antibody was omitted

from the protocol or the primary antibody was pread-

sorbed with 7-Glu-Glu (Fig. 4). Preparations fixed with

glutaraldehyde without prior treatment with carbodi-

imide also failed to stain. Preadsorption of antibody

with W-Ac-Glu or Asp-Glu resulted in tentacles with a

staining pattern similar to that obtained with untreated

antibody, except that the maximum nematocyst stain-

ing as seen in Figure 1 was never observed. Preadsorp-

tion of antibody with glutamic acid resulted in a staining

reaction that was indistinguishable from that associated

with untreated antibody.

Nematocyst immunostaining

The most readily observed immunostaining was asso-

ciated with tentacle nematocysts and their released fila-
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Figures 1, 2. Glutamate immunoreactive elements of tentacle nematocysts (wholemounts). Scale bars

= 25 ^m.

Figure 1. Stained nematocyst capsules. Note several stained, noneverted capsules (arrowheads) as well

as capsule with everted thread that is heavily stained at its apex (arrow). Note also that most of the nematocyst

capsules did not stain.

Figure 2. Stained everted threads showing tapering shaft (arrowhead) and decorated threads (arrows)

reflecting their coiled or twisted state and the presence of spines.

ments (Figs. 1, 2). Nematocyst immunoreactivity was in-

variably concentrated distally on the tentacles on both

their oral and aboral sides. Although all animals tested

with the primary antibody displayed positive immuno-
reactive responses, the intensity of staining and number
of stained elements varied substantially, even between

tentacles from the same animal. From the tip of the ten-

tacles, there was a more or less gradual decline in the

number and intensity of the immunostained elements,

until little or no staining was detected in the proximal
two-thirds or half of the tentacle (Fig. 3).

Only a relatively small proportion of discharged or un-

discharged nematocysts present in the stained areas were

immunoreactive, and in those nematocysts staining was

mainly associated with the capsule wall (Fig. 1). There

was an ascending gradient of staining intensity from the

base to the distal end of the capsule where the shaft is

anchored (Fig. 1). The nematocytes in which these cap-

sules lie showed no staining reaction. The immunoreactive

capsules seemed to belong to a single morphological type

measuring 15-20 /im by 3-4 /urn. This corresponds

roughly to the microbasic b-mastigophore of ordinary
tentacles as described in this species by Westfall (1965).

Many ofthe immunoreactive capsules displayed everted

shafts and threads that stained also (Fig. 2). When these

elements were completely uncoiled, reaching a length of

up to 80 nm, it was possible to observe a shaft, 2 ^m in

diameter, emerging from the capsule and gradually ta-

pering to a thread of 1 urn in diameter. This is also di-

agnostic ofthe microbasic b-mastigophore (Westfall, 1965;

Mariscal, 1974). The strong staining reaction at the tip of

some ordinary tentacles (Fig. 3) was in fact due to a mesh-

work of such immunoreactive shafts and threads that

covers the surface of the ectoderm. These discharged fil-

aments appear variously decorated, reflecting the extent

to which they are coiled, folded, or endowed with spines.

Staining seemed to be localized on the surface of the fil-

aments (Fig. 2). Reduction of both stained nematocyst

capsules and stained discharged filaments accounts for

the lack of immunostaining in the proximal part of the

tentacles.

Ectodermal muscle cell immunostaining

This staining reaction appears as a more or less con-

tinuous layer of processes, 2-4 jum in depth, at the base
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Figures 3, 4. Glutamate immunoreactivity in nematocysts of a tentacle (Fig. 3) and its absence in

another (control) tentacle (Fig. 4) from the same specimen ofMetridittm jen/Ve (wholemounts). E. ectoderm.

Figure 3. Density of stained nematocysts diminishes from distal tip toward the base of the tentacle.

Figure 4. Tentacle was treated with primary antibody preabsorbed with -y-Glu-Glu; no staining was

detected. Scale bar = 100 ^m.

of the ectoderm (Fig. 5). Many such processes have a

twisted or folded appearance (Fig. 5), presumably as a

result of buckling in the tentacle. They seem to.correspond

to the layer of muscle feet of the musculoepithelial cells

of the longitudinal musculature, associated cell bodies

showing no clear evidence of staining (Fig. 5). Staining

was present on both oral and aboral sides of the tentacles

and usually extended from the base of the tentacles to

within a short distance (0.1-0.3 mm) of their tip.

Ectodermal granule-containing cells

The third immunoreactive site was localized in the ec-

toderm of the oral disk proximal to the base of the ten-

tacles (Fig. 6). The immunoreactivity was associated with

pear-shaped cells (9 ^m in perikaryon length) tapering to

a single axon-like process and filled with large granules,

1-2 urn in diameter (Figs. 6. 7). There was no clear evi-

dence that the granules themselves had stained. The pro-

cesses were up to 40 ^m in length and approximately par-

allel. The stained granular cells were distributed over the

radial muscle in that area. The radial muscle itself was

not stained.

Discussion

Our observations demonstrate the presence of gluta-

mate immunoreactivity in the tentacles and oral disk of

M. senile, in agreement with Carlyle's (1974) biochemical

detection of large amounts of glutamic acid in the oral

margin of the sea anemone A. equina. The lack of spec-

ificity of induced glutamate release from oral margin/

sphincter preparations stopped Carlyle (1974) short of

proposing a neurotransmitter role for this ami no acid in

this species; instead he proposed that "nematocysts and

mucus-secreting cells may be potential sources of release"

(Carlyle, 1974). Our results give credence to the latter

view, because glutamate immunostaining was associated
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Figures 5-7. Glutamate immunoreactive cells in the ectoderm of tentacles and in the oral disk (whole-

mounts). Scale bars = 25 nm.

Figure 5. Layer of stained muscle feet of longitudinal muscle at the base of the ectoderm (E) in tentacle.

Note out-of-focus cell body of musculoepithelial cell (arrowhead) as well as evidence of buckling (arrows).

The apparent position of the cell body below the ectoderm is an artifact caused by tilting at the edge of the

tentacle.

Figures 6-7. Low-power (Fig. 6) and high-power (Fig. 7) views of a field of granule-containing cells in

the oral disk. Rectangle in Figure 6 delimits enlarged area shown in Figure 7. The dark background in Figure

6 represents the position of underlying radial muscle fields. Note parallel orientation of cell processes. Note

also in Figure 7 that the granular texture of these cells is apparent in both cell bodies and processes. Arrowhead

in Figure 7 indicates a nematocyst.

only with non-neuronal cells of M. senile, among which

nematocysts and granular cells figure prominently.

Specificity of the immunostaining

Control procedures indicated that the observed im-

munostaining represents specific antibody binding to y-

Glu-Glu. The absence of effect or small effect of pread-

sorption tests with glutamate, /V-Ac-Glu, and Asp-Glu on

immunostaining in our preparations is largely consistent

with the results of corresponding tests elsewhere (Madl rt

nl.. 1986). Moreover, the absence of immunostaining in

preparations fixed without carbodiimide all but excludes

the presence of endogenous 7-Glu-Glu in the tissues.

Nematocyxt iinmunostaining

Reports of large amounts of polymeric 7-glutamic ac-

ids in cnidarian nematocysts, including sea anemones

(Weber, 1 990, 1 99 1 ), may appear to account for the ne-

matocyst staining described in this study. However, such

is apparently not the case, because omission of the car-

bodiimide treatment eliminated nematocyst immuno-

staining. In addition, staining was intense only in the

periphery of the distal part of the capsule interior, not

in the core (matrix) of the nematocysts where the poly-

mers are expected to be concentrated (Weber, 1991).

Thus nematocyst immunoreactivity in M. senile may
represent a pool of free glutamate either recruited in the
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polymerization process or resulting from enzymatic hy-

drolysis of already-formed polymers (Weber. 1994). This

immunostaining lends some indirect support to Weber's

hypothesis that such polymers act as substrate for gen-

erating high osmotic pressures inside the nematocyst

capsule, thus providing an intrinsic force for nematocyst

discharge (Weber, 1989. 1991).

The question arises as to why only one category of ne-

matocysts displayed immunostaining when polymeric y-

glutamic acids were reported also in other categories of

nematocysts (Weber, 1991). One possibility is that other

nematocyst classes may contain less of these polymers,
therefore less free glutamate, than the microbasic b-mas-

tigophores identified in this study. If these nematocysts
concentrate such polymers more than the other kinds do,

then one may expect that they discharge their thread more

readily, owing to a greater buildup of osmotic pressure,

than do the other kinds. This appears to be the case, be-

cause microbasic b-mastigophores are known to be easily

discharged in Metridium (Westfall, 1965).

Our results show that the released shaft and thread of

these nematocysts were stained, but that staining seemed

to be associated only with their external surface. Such a

staining pattern may have resulted from adhesion of the

immunoreactive material in the nematocyst capsule on

the filaments. A means of fortuitous non-neuronal release

of glutamate of the kind suggested by Carlyle (1974)

is thus provided, and one must use particular caution in

interpreting studies of amino acid release in such animals.

Whether the putative glutamate sticking on the filaments

has any role associated with nematocyst discharge remains

to be explored. Another unresolved matter is whether the

uneven spatial distribution of stained nematocysts on

tentacles represents an intrinsic arrangement of micro-

basic b-mastigophores conferring some functional speci-

ficity or reflects merely the skewed distribution of a sub-

population of these nematocysts.

Ectodermal cell immunostaining

Glutamate immunostaining in ectodermal muscle and

granular cells is an unexpected finding. To our knowledge
this is the first time that a putative neuroactive substance

has been immunohistochemically localized in this type

of muscle cell. In contrast, ectodermal gland cells of ten-

tacles of the jellyfish Cyanea lamarcki were reported to

show serotonin immunoreactivity (Elofsson and Carlberg.

1989). and dopamine-immunoreactive granule-containing

cells strikingly similar in morphology to those of the pres-

ent study were described by Carlberg ( 1992) in tentacles

and peristomium of Hydra altenuata. The latter and the

granular cells identified in our study are not epidermal
mucous cells because their processes are directed inward,

not toward the external surface as in mucous cells. Cells

with similar morphology, size, and granule content were

demonstrated by scanning electron microscopy in oral

tentacles of the cerianthid Ceriantheopsis americanits

("gland cells" of Fig. 9 in Fautin and Mariscal, 1991).

Thus these may be secretory cells, with glutamate as a

putative secretory product serving some paracrine role.

Because the distribution of these cells coincides with that

of radial muscle fields in the oral disk, it is possible that

this muscle layer constitutes one of the functional targets

of the cell secretions.

Glutamate has been identified as a feeding stimulant

in the sea anemones Actinia ecjitina (Steiner. 1957) and

Calliactis parasitica ( McFarlane. 1 975 ) by eliciting mouth

opening. Combined with its relaxing effect on the sphinc-

ter muscle (Carlyle, 1 974), a prerequisite for mouth open-

ing (McFarlane, 1970), these responses would suggest that

glutamate is involved in the coordination of feeding in

sea anemones, although our study failed to find evidence

of glutamate-immunoreactive cells in the vicinity of the

sphincter muscle itself. Other prefeeding responses include

expansion of the radial muscle in the oral disk and ex-

tension of the tentacles, both associated with activity in

an ectodermal slow conducting system, possibly a nerve-

net (McFarlane, 1970; Lawn, 1975; McFarlane et ai.

1993). Although ectodermal muscle feet in Metridium

tentacles apparently contain free glutamate, it is not clear

how this glutamate is involved in these feeding responses.

In this study we have provided immunohistochemical

evidence that, in the sea anemone Metridium. the amino

acid glutamate or a related substance is stored only in

non-neuronal cells; in contrast, in the scyphozoan jellyfish

Cyanea. similar evidence suggests that another amino

acid, taurine, is present only in neurons (Carlberg et a/.,

1993). This disparity suggests that profoundly different

paths of cellular commitment for processing amino acid

transmitters may be expressed among cnidarian species.
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Abstract. Squid ink is an alarm substance that both

confuses predators and alerts conspecifics to the presence

of danger. Although the ejection of ink is a powerful visual

stimulus, studies also indicate a chemical component to

the signal. Squid ink is composed mainly of melanin pig-

ments, but the nonpigmented portion of the ink contains

the enzymes and precursors of melanin synthesis. Our

previous behavioral studies showed that squid olfactory

organs detect L-dopa, a key chemical in melanogenesis.

Squid olfactory neurons also respond to dopamine, a bio-

genie amine not previously described in squid ink. We
performed HPLC on ink taken from the ink sacs of adult

Loligo opalescens. The ink was conjugated with ortho-

phthaldialdehyde (OPA) and injected into the HPLC, and

amine-containing compounds were detected fluoromet-

rically. Standard curves constructed for L-dopa and do-

pamine allowed quantitation from individual ink sacs.

We found that L-dopa was present in undiluted ink at a

mean concentration of 1.15 mAI and was significantly

greater than the mean dopamine concentration of

0.19 m.U. These values are greater than those at which

both compounds are effective in behavioral and electro-

physiological experiments. In addition we found that an

unidentified antioxidant in the ink may prevent rapid

oxidation of L-dopa and dopamine following dilution in

seawater.

Introduction

Inking by cephalopods has long been recognized as an

adaptive response to predation and physical threat. The

ink clouds produced by these animals allow for retreat

from a threatening situation and leave behind either a

diffuse "smoke screen" or a compacted, long-lasting decoy

Received 9 November 1993; accepted 6 June 1994.

that serves as an effective visual distraction for predators.

Ink may also contain compounds that interfere with a

predator's chemosensory abilities, although the behavioral

evidence is largely anecdotal (Fox, 1976: MacGinitie and

MacGinitie, 1968). In support of these ideas, Prota et at.

(1981) found a high specific activity of tyrosinase in ceph-

alopod ink and suggested that the in situ oxidation, by

this enzyme, of phenols in the ink to quinones may be a

source of the hypothesized chemical messengers.

In addition to affecting predators, ink clouds may also

alert conspecifics to danger, especially within the dense

schools of many squid species. Furthermore, the warning

signal is likely to be chemical as well as visual because

the visual component would be of limited usefulness at

night or in the dark ocean depths. In this respect, ink

would play a pheromonal role, because its release and

detection could provide a basis for intraspecies commu-
nication. Indeed, local application of diluted squid ink to

the olfactory organ of restrained squid caused strong es-

cape jetting responses (Gilly and Lucero, 1992). In ad-

dition. 1-3, 4-dihydroxyphenylalanine (L-dopa), a colorless

compound found in cuttlefish ink (Jimbow et a!.. 1984),

elicited escape responses in the absence of other metab-

olites of melanogenesis including tyrosinase. phenols, or

quinones. Therefore, without ruling out effects of the other

metabolites, initial behavioral experiments implicated L-

dopa as a potential chemical cue (Gilly and Lucero, 1992).

L-dopa is an intermediate, not only in the synthesis of

melanin and related pigments, but also of dopamine and

other neurotransmitters (Waite, 1992). Thus, preliminary

physiological studies were performed and showed that di-

luted squid ink. L-dopa. and dopamine all inhibited spon-

taneous firing in primary sensory neurons isolated from

squid olfactory organs (Lucero et a/.. 1992).

Because L-dopa and dopamine both mimic the effects

of squid ink on primary sensory neurons, we postulate

55
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that ejected ink functions as a warning signal, and that

the two metabolites are effector molecules. Neither

substance, however, has ever been identified in squid

ink. Therefore, we used high pressure liquid chroma-

tography (HPLC) to identify and quantify L-dopa and

dopamine in the ink from individual ink sacs. We report

here that squid ink contains free L-dopa and dopamine
in concentrations sufficient to produce physiological ef-

fects. Moreover, the ink also appears to contain an an-

tioxidant that retards the rapid oxidation of these com-

pounds in seawater.

Materials and Methods

HPLC apparatus andfluorescence detection

Chromatography was performed with two Waters

pumps connected to a Waters Model 720 System Con-

troller programmed to generate a dual-solvent, stepped-

elution profile. Peaks were detected by a Fluoro-Tec digital

filter fluorometer with an excitation wavelength of 320 nm
and an emission wavelength of 450 nm. Peak areas were

integrated by a Waters Data Module. Separation ofortho-

phthaldialdehyde (OPA)-derivatized primary amines was

performed on an Ultrasphere 3-Mm Octadecasilane (ODS)

column of 75 mm length and 4.5 mm internal diameter

(Jaeckle and Manahan, 1989; Manahan, 1989).

A combination of aqueous and nonaqueous solvents

was used to create an elution profile with a total run time

of 23 min. The aqueous solution (solvent A) contained

150mm sodium acetate (pH 7.2). 9.5% methanol, and

0.5% tetrahydrofuran (THF). The nonaqueous solution

(solvent B) was 100% methanol.

A modified stepped-elution profile was developed that

allowed for the clear separation and signal integration of

L-dopa and dopamine at a flow rate of 1.8 ml/min. The

time course for solvent B was as follows: constant 10%

from to 1 min, linear increase to 20% from 1 to 4 min,

constant 20% from 4 to 9 min, linear increase to 50%

from 9 to 13.5 min, constant 50%. from 13.5 to 19 min,

linear increase to 90% from 19 to 2 1 min, linear decrease

to 10%' from 21 to 23 min. At 23 min. the initial condi-

tions were reattained and the column was ready for the

next injection. The elution times for L-dopa and dopamine
under these conditions were 7.82 0.08 (SD; n =

19)

and 13.25 0.08 min (SD; /;
=

18), respectively.

Electrochemical detection

An additional HPLC column and detection method

was used to verify results obtained with the OPA method.

HPLC separation of diluted squid ink was performed on

a C-18 reverse phase column (Rainin) in phosphate-buf-

fered mobile phase consisting of monosodium phosphate

(Na-H 2POj), 50 mA/: ethylenediaminetetraacetic acid

(EDTA), 200 nAI: and heptane sulfonic acid, 1.2mA/.

pH 3.6. Biogenic amines in the ink were detected electro-

chemically with an ESA Coulochem (Model 5 100A; 502 1

conditioning cell; 5011 analytical cell) in the reductive

mode (Gomez-Nino el al, 1990).

Standards and standard curves forfluorescence

detection

Because of their low solubility and rapid oxidation, 50

nm L-dopa and dopamine standards were made up in a

solution of 10mm ascorbic acid and 150mm sodium

acetate (pH 10). As an added measure to prevent oxidation

during preparation, all solutions were bubbled with N2

gas, placed on ice, and used within 6 h.

All samples were filtered (0.2 ^m Millipore) prior to

derivatization, which was carried out by adding 25%. OPA
by volume to the injection sample. The derivatized sam-

ples were then vortexed briefly and centrifuged (14,000

X g) for 1 min. Volumes of supernatant, ranging from 20

iul to 400 n\, were injected for analysis within 3 min of

derivatization. An example of HPLC traces obtained for

100-^1 injections of 50 ^m L-dopa and dopamine is shown

in Fig. 3A. Chemicals were obtained from Sigma (St.

Louis, MO) and were HPLC grade or ACS reagent grade.

Standard curves (data not shown) were established over

the range of injections that produced the best integrated

peaks. The L-dopa curve was based on 19 injections with

injection volumes corresponding to L-dopa amounts

ranging from 0.5 to 5.0 nanomoles. The dopamine curve

was based on 1 8 injections with the lower limit ofdetection

at 1.25 nanomoles. Each curve was estimated by linear

regression, and the r values were 0.999 and 0.986 for L-

dopa and dopamine, respectively.

Standards for electrochemical detection

The standards used for electrochemical detection were

made fresh daily in 1 N perchloric acid (PCA) and in-

cluded L-dopa, dopamine, dihydroxyphenyl acetic acid

(DOPAC), and 3,4-dihydroxybenzylamine (DHBA).

DOPAC is a catabolite of dopamine that occurs naturally

in squid ink. DHBA was added, as an internal control, at

the time of extraction of ink samples being prepared for

electrochemical detection (see below). Electrochemical

detection of these four standards is exemplified in Figures

2A (50 ng each) and 2B (100 pg each). Standards were

run and calibrated at two different gain settings so that

the L-dopa and dopamine peaks from ink could each be

integrated at optimal sensitivities.

Extraction and preparation of squid ink for fluorescence

detection

Live specimens of adult Loligo opalescens were col-

lected in Monterey Bay, California. Squid were decapi-
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tated, ink sacs were removed by dissection, and whole ink

was manually recovered.

An intact ink sac was placed on a sheet of Paranlm.

and the ink duct was transected about 5 mm anterior to

its emergence from the sac. A small glass rod was then

used to gently express the ink onto the Paranlm. Simul-

taneously, one end of a sterile 10-^1 microcapillary tube

was introduced into the emerging ink and allowed to fill

halfway by capillary action. Several tubes were necessary

to collect the ink from a single sac. Nitrogen gas was used

to blow the ink out of the tubes and into a preweighed

Eppendorf vial that contained 1 ml of 150 mA/ sodium

acetate and 10 mA/ ascorbic acid. The vial was immedi-

ately reweighed and put on ice. This procedure allowed

us to rapidly collect and weigh most of the ink within an

ink sac and simultaneously to dilute it into a solution

containing an antioxidant, thereby minimizing the risk

of oxidation. Only ink collections yielding more than

15 mg of ink from a single squid were used in the quan-
titative analysis of L-dopa and dopamine.
The vial containing diluted ink was centrifuged (14,000

X g) for 10 min at 4C. The ink supernatant was removed

and centrifuged in 0.2 ^m filter tubes for 45 s. The filtered

ink supernatant was conjugated with OPA in the same

manner as described for the dopamine and L-dopa stan-

dards above.

Preparation of ink for electrochemical detection

In experiments where the electrochemical detection

method was used, the ink sac was blotted dry and placed

between a fold of parafilm with the ink duct extending
into the collection tube. The parafilm was gently pressed,

and drops of ink fell directly into an iced 1.5-ml tube

containing 0.5 ml of the acetate/ascorbate buffer and
50 ^g/ml DHBA. After 6 samples were collected, the tubes

were vortexed for 30 s and immediately frozen on dry ice

for shipment from Monterey, California, to Salt Lake City,

Utah. Samples were kept frozen at -70C for 3 days,

quickly thawed, vortexed briefly, and run through alumina

silica columns (Gomez-Nino ct a/., 1990). L-dopa and

catecholamines in the ink sample were eluted from the

alumina column with 1 N PCA and stored at 4C for 1-

4 days. The alumina procedure was necessary to remove
ascorbic acid from the ink because, as a reducing agent,

ascorbic acid interferes with the oxidation-reduction re-

action used in electrochemical detection (Gomez-Nino et

al.. 1990).

Quantification ofL-dopa and dopamine in ink by

I'mtrescence detect it i

Several different volumes of a given sample were in-

jected into the HPLC so that a range of well-integrated

peaks could be obtained. The first injection volume for

each ink sample was 100 ^1, and the size of the resultant

peaks guided the selection of the next injection volume.

Whenever possible, replicates were injected at one partic-

ular volume to establish a measure of injection error. The
standard curves for dopamine and L-dopa were used to

transform the integrated peak areas from each analysis of

ink into nanomolar quantities that were then corrected

for injection volume and dilution to obtain millimolar

concentrations that refer back to the original ink sample.

Quantification of L-dopa and dopamine in ink by
electrochemical detection

Standards containing known amounts of L-dopa. do-

pamine, DHBA, and DOPAC were separated on the

HPLC, and peaks were integrated and calibrated according

to the known amount in the standard. The Waters Data

Module was programmed to integrate and quantify peaks
from ink samples having the same retention times as the

standards. The amounts of biogenic amines in each ink

sample were corrected for oxidative loss through the alu-

mina column by a factor of 3.13 relative to the internal

standard (DHBA). We were unable, however, to correct

for the loss that probably occurred between the time the

samples were thawed and run on alumina columns and

the time of their injection into the HPLC.

Results

Identification ofL-dopa and dopamine in squid ink

Two methods were used to identify the HPLC peaks

corresponding to L-dopa and dopamine in the ink. One
was to compare the profile and elution times of the peak
with those of the standards, and the second was to 'spike'

the ink by adding 4 nanomoles of L-dopa and dopamine
to the ink sample. The HPLC trace of fresh ink from a

single ink sac diluted with the antioxidant ascorbic acid

is shown in Figure 1A. Several small unidentified peaks

precede and follow the large L-dopa peak. The sizes of

these smaller peaks in ink samples from different squid

varied, as did the size of the dopamine peak.

Addition of L-dopa and dopamine to the ink is shown
in Figure 1 B. The areas of the L-dopa and dopamine peaks

were dramatically increased without affecting the overall

shapes or elution times of any of the other peaks in the

sample. Thus, the L-dopa peak in ink had an average elu-

tion time of 8.08 0.15 min (SD, /;
=

47), and the do-

pamine elution time averaged 13.49 0.26 min (SD, n
=

41). These values were very close to the elution times

for the L-dopa and dopamine as cited above. Similarly,

when preparations of ink and standards were run on the

reverse phase Cl 8 column and detected electrochemically,

the ink samples had peaks that eluted at the same time

as the standards. In Figures 2A and C, the gain of the
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to
to
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Squid Ink Squid Ink + LD + DA

t t

LD DA

t t
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Figure 1. Primary amines were identified in squid ink by 'spiking' with L-dopa (LD) and dopamine

(DA). (A) The HPLC trace obtained by injecting 50 ^1 of diluted squid ink conjugated with OPA (as described

in the Methods) shows a prominent L-dopa peak at 7.86 min and a small dopamine peak at 13.4 min. (B)

50 /jl of a 'spiking' cocktail containing 250 ^1 of diluted squid ink, 25 n\ of L-dopa, and 25 jul of dopamine
was injected into the HPLC to positively identify the L-dopa and dopamine peaks. Both peaks increased in

area with little change in elution time.

electrochemical detector was set to 100, and an L-dopa

peak can be seen at 4.72 min in both the standard and in

the ink. The peaks for dopamine and DOPAC in ink are

not resolvable at this gain setting, but a bump at 16-

17 min is discernible. With the gain setting turned up to

9900, the dopamine and DOPAC peaks in the same sam-

ple of ink are clearly resolved (Fig. 2D), but the L-dopa

peak (4.74 min) is now saturating. As mentioned in the

Methods, 50 /xg/ml DHBA was added to the ink as an

internal standard and appears as the large saturating peak
in Figures 2C and 2D at 10.37 and 10.34 min respectively.

Several amino acids and neurotransmitters were run

as controls, either with fluorescence or electrochemical

detection methods, to test whether their elution times dif-

fered from those of L-dopa and dopamine. None of the

substances tested (aspartate, glutamate, arginine, tyrosine,

taurine, phenylalanine, ammonia, ammonium, octopa-

mine. histamine, and norepinephrine) overlapped with

the L-dopa or dopamine peaks, but the retention times of

some of the amino acids and amines were similar to those

of other peaks in the ink sample, suggesting that these

substances may also be present in ink.

Quantitative analysis

After correcting for the injection volume and dilution

of the ink, the mean concentrations of L-dopa and do-

pamine were obtained for each ink sac analyzed by the

fluorescence method (Table I). The number of injection

volumes for a given ink sac (/;) is less for dopamine than

L-dopa. because several of the injection volumes used to

obtain an L-dopa peak contained less than the minimum
detectable amount of dopamine (1.25 nanomoles). Inte-

gration ofthe dopamine peaks in such profiles was deemed

unreliable, and the resulting values were not used for fur-

ther analysis.

The concentration of L-dopa in all of the ink sacs

analyzed with the fluorescence detector averaged 1.15

0.56 mUf (n
=

10), and the dopamine concentration

averaged 0. 19 0.07 mAI (u =
9). The highest values

for each substance, approximately twice the means,

were found in ink sac G. The coefficient of variation

(CV). or percent error, in measuring the L-dopa and

dopamine in individual ink samples by fluorescence

detection averaged 3% (CV = SD/mean X 100%). This
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STANDARDS

g s SS

t t tt

LD DHBA DOPAC DA

t t tt

LD DHBA DOPAC DA

SQUID INK

t ft

DHBA DOPAC DA

t t tt

LD DHBA DOPAC DA

Figure 2. Electrochemical detection verifies the presence of L-dopa (LD) and dopamine (DA) in squid

ink. (A) The HPLC trace of a 10 ^1 injection of standard solution containing 500 pg//jl each of DA, DOPAC
(dihydroxyphcnyl acetic acid), DHBA (3,4-dihydroxybenzylamine). and LD was obtained at a gain setting

of 100. (B) The standard solution was diluted to a concentration of 10 pg/M> and the 10-^1 injection is shown

at a gain setting of 9900. The initial peaks at about 2 min in all traces represent the solvent front reaching

the detector. (C)The HPLC trace of 20 n I of squid ink prepared for electrochemical detection (see Methods)

recorded at the same gain as in (A) shows a large L-dopa peak at 4.72 min and a saturating DHBA peak at

10.37 min. The small DOPAC and dopamine peaks were not integrated. (D) The HPLC trace of 10 M! of

squid ink from the same sample as in (C) recorded at a gain of 9900. shows that, although multiple peaks

are visible at this sensitivity, the L-dopa, dopamine, DHBA, and DOPAC peaks are easily recognized.



60 M. T. LUCERO ET AL.

Table I

Concentrations ofL-dopa and dopamine for ink twin nulmdiial ink

sacks
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LD + DA -f Ascorbate

T = T= 10.5 h

B
LD + DA + Sea Water

a

T = 68 mln

Squid Ink + Sea Water T = 93 mln

t t

LD DA

t t

LD DA

Figure 3. HPLC traces reveal that L-dopa (LD) and dopamme (DA) are stable in squid ink and in the

presence of ascorbic acid, but oxidize rapidly in filtered seawater. (A) 100 ^1 of 50 pM L-dopa and dopamine
in Na-acetate buffer containing 10 mAf ascorbic acid was injected into the HPLC at time zero (a) and after

10.5 h at room temperature (b). (B) HPLC traces show rapid oxidation of 200 jul of 50 nM L-dopa and

dopamine in seawater at time zero (a) and after 68 min at room temperature (b). The small sharp peak with

an elution time of 0.6 min was assumed to be an oxidation product or contaminant and was not further

characterized. (C) Squid ink diluted directly into seawater and injected into the HPLC at time zero (a) shows

very little oxidation of L-dopa and dopamine after 93 min at room temperature, despite gassing for 25 min

with O; (b).

essary to elicit behavioral (Gilly and Lucero. 1992) and

physiological (Lucero et ai. 1992) responses and are

therefore physiologically significant. Our work thus sup-

ports the idea that ink is an alarm substance and that

products of melanin synthesis (L-dopa and dopamine) are

present in the ink at levels that provide chemical signals

to other squid. In addition, the levels of these biogenic

amines vary considerably among individual ink sacs, and

this variability is not due to differential oxidation of the

ink during handling or to errors in measurement. Finally,

we present preliminary evidence that a natural antioxidant

that stabilizes these chemical messengers in seawater may
be present in ink.

Both fluorescence and electrochemical detection meth-

ods were employed, after HPLC separation, to identify

and quantify L-dopa and dopamine in squid ink. Both

methods showed peaks in the ink that eluted at the same

times and with the same characteristic shapes as L-dopa

and dopamine standards. With fluorescence detection, the

average concentrations for L-dopa were 1 . 1 5 0.56 mAf

(n =
10), and for dopamine were 188 67 /uM (

=
9).

L-dopa concentrations were also obtained by electro-
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chemical detection that were as high as the lowest levels

measured with the fluorescence (ink sac I), and the max-

imum dopamine concentration measured electrochemi-

cally was about 3 time lower than the lowest value found

with fluorescence. But oxidation experiments with stan-

dards (Fig. 3A) showed that, over a period of 10.5 h in

the presence of 10 mM ascorbic acid, dopamine oxidized

more rapidly than L-dopa. Thus, the reduced concentra-

tions of both compounds measured electrochemically

probably reflect oxidation that occurs after the removal

ofantioxidants with the alumina silica column. Similarly,

slow differential oxidation of L-dopa, dopamine, and

DHBA may have occurred during handling, shipment,

and storage of the ink that cannot be corrected for by the

known amount of DHBA degradation.

The concentrations of L-dopa and dopamine measured

with the fluorescence detector are higher than those

needed to elicit chemosensitive behavioral responses from

intact animals (Gilly and Lucero, 1992) or electrophysi-

ological responses from sensory neurons isolated from the

squid olfactory organ (Lucero et a/., 1992). Exact quan-

titative comparisons are difficult because the dilution as-

sociated with pressure ejection from a small pipette is

uncertain. Published experiments have revealed that squid

can detect a 1:20 dilution of the ink (Gilly and Lucero,

1992), suggesting that the detection of chemical stimuli

by squid is quite sensitive.

Thus, even when ejected ink is diluted into seawater,

these compounds will still be detectable by a squid, at

least for a short time. The lifetime of this chemical alarm

signal would presumably depend on the extent to which

dopamine or L-dopa remain bound to the mucus-like

components of the ink that are responsible for holding

the ink mass together in compacted form. A valuable ap-

proach to the biological relevance of our findings will be

to employ electrochemical probe analysis of natural ink

plumes to measure the temporal and spatial characteristics

of the dopaminergic signal in ejected ink (Moore and

Atema, 1988; Moore et a/.. 1989).

The concentrations of L-dopa and dopamine varied

greatly among ink sacs, but the ink sac with the highest

concentration of L-dopa also had the highest dopamine
concentration, suggesting a metabolic linkage. This is not

surprising given that dopamine is synthesized from L-dopa

through the action of dopa decarboxylase (Stryer. 1981).

The variability in catecholamine concentration among
ink sacs seems not to be due to rapid oxidation, because

the data shown in Figure 3 indicate that L-dopa and do-

pamine oxidize much more slowly in diluted ink than do

standards added to filtered seawater. One source of ink

antioxidant may be the melanin pigments. Recent studies

suggest that, although melanins are assumed to be re-

markably stable, those synthesized from L-dopa are ca-

pable of self-oxidation under biologically relevant con-

ditions (Aime and Fasano, 1990; Crescenzi et ai, 1993).

This reductive capacity of melanin pigments has led to

the suggestion that, in living systems, melanin plays a role

in removing H:O: (Aime and Fasano, 1990). Although

the melanin pigments could be stabilizing L-dopa and do-

pamine in squid ink by preventing oxidation, another an-

tioxidant may also exist, because the experiments in Figure

3 were run on ink from which the majority of melanin

pigments had been physically removed by centrifugation

and filtration. Perhaps, in addition to the melanin, an

antioxidant such as ascorbic acid is released with the ink.

In any case, the variability among ink sacs is not due to

rapid oxidation and may depend on the length of time

that the ink was stored in the ink sac. We did not attempt

to record the inking history of the squid used in these

experiments, but some squid inked upon capture and

others did not.

In summary, these experiments show that squid ink

contains high concentrations of L-dopa and dopamine.

This study supports earlier findings that these biogenic

amines are behaviorally (Gilly and Lucero, 1992) and

physiologically (Lucero et ai. 1992) relevant olfactory

stimuli. Further work will be necessary to identify the

antioxidant in the ink, determine the source of variability

between animals, and characterize the chemical message

in a natural ink plume.
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Electric Organ Discharge and Electrosensory
Reafference in Skates
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Abstract. Skates possess bilateral electric organs that

produce intermittent, weak discharges of relatively long

duration compared to the discharges of other weakly elec-

tric fish. They, like all elasmobranchs, also have an elec-

trosensory system capable of detecting weak, low-fre-

quency electric fields. Several studies have suggested that

the discharge is used in some type of social communi-

cation. This study measured the strength and nature of

the response of the skate electrosensory system to electric

organ discharge.

Electric organ discharge (EOD) was elicited via electrical

stimulation of the medullary command nucleus in two

species of skates. The temporal structure and power spec-

tra of the EODs demonstrated that they should be effective

stimuli for the skate electrosensory system. The responses

of electrosensory afferent fibers in the anterior lateral line

nerve (ALLN) to EODs were variable depending upon
the location and orientation of the receptor. The responses

of most ALLN fibers were very weak compared to the

strong reafference produced by the skate's ventilatory ac-

tivity. Unlike the common-mode ventilatory reafference,

EOD reafference was variable in terms of excitation or

inhibition, depending upon receptor orientation. Despite

the low signal-to-noise ratio observed in ALLN responses

to EODs, it is likely that EODs serve as a communicative

signal over moderate distances.

Introduction

Marine elasmobranchs of the skate family (Rajidae)

possess electric organs that generate a weak electric organ

discharge (EOD) (for reviews of electric organs see

Grundfestand Bennett, 1961; Bennett, 1971; Bass, 1986).

Although the existence of these organs has been known

Received 15 July 1993; accepted 19 May 1994.

since the last century (Stark, 1 844; Ewart 1 888a, b, 1 892),

the behavioral function of these organs has yet to be con-

clusively determined. Owing to its small amplitude (Ben-

nett, 1971; Bratton and Ayres, 1987), the EOD of the

skate is unlikely to be used in prey capture, unlike the

discharge of the larger and more powerful electric organ

found in rays of the genus Torpedo. Furthermore, unlike

the nonhomologous electric organs of freshwater teleost

fishes (notably the gymnotids and mormyrids), the skate

electric organ is only intermittently active and is more

variable in amplitude and temporal discharge pattern

(Bennett, 1971; Bratton and Ayres, 1987). Although an

intra- or interspecific communicative function for this

discharge has been suggested (Mikhailenko, 1971; Mor-

tenson and Whitaker, 1973; Bratton and Ayres, 1987),

the precise role of such communication in the skate's eth-

ogram remains to be conclusively determined.

The electric organs of the skate are spindle-shaped

structures that extend bilaterally along the length of the

longitudinal axis of the tail (Stark, 1844; Ewart, 1888a;

Sanderson and Gotch, 1888) (Fig. 1). The organ consists

of approximately 8,000-10,000 cup- or disk-shaped elec-

trocytes arranged anteroposteriorly in series (Ewart, 1892;

Brock et a/.. 1953; D. M. Koester, Univ. ofNew England,

pers. comm.). Each electrocyte develops a weak potential

when depolarized by the innervating nerve fibers (Bennett,

1971). Previous studies have demonstrated that the electric

organ discharge of various skate species is of variable am-

plitude and duration, but generally consists of a mono-

phasic, head-negative wave of 60-500 ms duration (Ben-

nett, 1971; Bratton and Ayres, 1987). The electrocytes

themselves are not electrically excitable overall, although

the posterior face of the cup-shaped electrocytes possesses

an electrically excitable component that involves a delayed

rectification (Bennett, 1971). Electrocytes in the skate

electric organ are innervated by motor neurons in the

64
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Figure 1. Location and innervation of the electric organs in Raja. (A) Location of electric organs (in

black) in the tail of Raja (B) Transverse section through the tail of Raja at the level indicated in A, showing

the electric organs, muscles, and vertebral column. (C) Innervation of electrocytes by spinal electromotor

nerves. (Modified from Ewart, 1892; and Bratton and Ayers, 1987.) Abbreviations: d, dorsal muscle group

of epaxial musculature; dl, dorsolateral muscle group of epaxial musculature; dr, dorsal root of spinal nerve;

eo. electric organ; sc, spinal cord; v, ventral muscle group of hypaxial musculature; vl, ventrolateral muscle

group of hypaxial musculature; vr, ventral root of spinal nerve.

ventral spinal cord (Koester, 1987; Baron et al., 1992),

which in turn are believed to receive direct descending

input from an electric organ command nucleus (EOCN)
located in the basal midline of the medulla (Albe-Fessard

and Szabo, 1955; Szabo, 1955, 1961). The location and

nature of any higher level descending projections to the

EOCN are unknown, although reflexive EODs in response

to tactile stimulation can still be elicited in skates following

ablation of the telencephalon or the cerebellum (Albe-

Fessard and Szabo, 1955).

Skates, like other elasmobranchs, also possess an elec-

trosensory system capable ofdetecting the very weak elec-

tric fields produced by physicochemical and biological

phenomena in aquatic environments (for reviews, see

Bodznick and Boord, 1986; Kalmijn, 1988). The electro-

sensory receptor organs, the ampullae of Lorenzini, are

innervated by fibers of the anterior lateral line nerve

(ALLN), which project to and terminate within the first-

order electrosensory nucleus of the medulla, the dorsal

octavolateralis nucleus (DON). The ampullae themselves

consist of a long tubelike canal that terminates internally

in a bulbous alveolus and externally through a pore in

the epidermal surface (for reviews of ampullary electro-

receptor structure and function, see Murray, 1974; Ben-

nett and Clusin, 1978; Sejnowski and Yodlowski. 1982;

Bodznick and Boord, 1986). The apical membranes of

the receptor cells themselves are embedded in the base of

the alveolus and connected to the walls of the alveolus by

tight junctions. The walls of the alveolus and canals have

a high electrical resistance, and the internal lumen of the

ampulla is filled with a highly conductive, K+
-rich, jelly-

like matrix (Murray and Potts, 1961). The ampulla thus

functions as an insulated core conductor, and the receptor

cells measure the voltage drop across the length of the

ampulla; i.e.. the receptors measure the potential differ-

ence between the internal lumen, which is isopotential
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with the external environment at the epidermal pore, and

the internal field gradient established within the animal

by the low skin resistance and high conductivity of the

internal tissues.

The electrosensory system of elasmobranchs is ex-

tremely sensitive; the behavioral threshold for responses

to dipole sources is less than 5 nV/cm (Murray, 1974;

Kalmijn. 1982). The electrosensory system is most sen-

sitive to low-frequency electric fields, from near direct

current (DC) (<0.01 Hz) to approximately 10-15 Hz

(Montgomery. 1984a: New. 1990;Tricasand New, unpub.

obs.). Behavioral studies have demonstrated that the elec-

trosensory system is used in directing prey-catching be-

havior; elasmobranchs will strike at electrical sources that

mimic the bioelectric fields produced by living organisms
in water (Kalmijn, 1971, 1982). Other studies suggest that

elasmobranchs may also use their electrosense to detect

electric fields induced by movement relative to the earth's

magnetic field (Kalmijn, 1978). Additionally, recent ex-

periments in a mating population of stingrays (which lack

an electric organ) demonstrated that males search for and

locate females hidden beneath a sand substrate by de-

tecting the weak ventilator/ potentials produced by the

females (T. Tricas, Florida Inst. Tech., pers. comm.). The

ability of male stingrays to detect the very weak signals

of females (approximately 5 ^V intensity at 1 cm from

the spiracle) at a distance (about 1 m) suggests that the

electric organ in skates may serve a useful purpose in social

communication (Mikhailenko, 1971).

The purpose of this study is to characterize the EOD
and examine the responses ofthe skate electrosensory sys-

tem to discharge of the animal's own electric organ, with

specific regard to the usefulness of this organ in signaling

other skates and to the nature and amount of reafference

it produces. Previous studies have indicated that the ven-

tilatory potentials produced by elasmobranchs are a sig-

nificant source of electrosensory reafference (Montgo-

mery, 1984a; New and Bodznick, 1990; Bodznick and

Montgomery, 1992; Bodznick eta/., 1992). This internally

generated reafference modulates the activity of electro-

receptors by changing the voltage at the internal face of

the apical membrane of the receptor cells. These internal

potentials thus provide a source of common-phase reaf-

ference; all receptors are excited or inhibited in phase with

one another regardless of receptor orientation or position

on the body surface. Whether the electric organ discharge

of the skate also constitutes a significant source of internal

reafference, via a similar low-resistance internal pathway,
is also investigated in this study.

Materials and Methods

Specimens of little skate. Raja criuacca (n
=

18), and

winter skate. Raja ocel/ata (n
=

2), were collected by otter

trawl in the vicinity of Woods Hole and the Elizabeth

Islands, Massachusetts. The specific identity of individual

skates was determined by counting the teeth series in each

jaw (Bigelow and Schroeder, 1953). The animals were held

in temperature-controlled ( 16C) running seawater tanks

prior to experimentation.

Individual skates were anesthetized in approximately
0.025% tricaine methanesulfonate (MS-222) and the dor-

sal aspect of the brain and anterior lateral line nerve

(ALLN) exposed. In some cases, the thoracic spinal cord,

the rostral and caudal poles of the electric organ, or all

three, were exposed at one or two locations for implan-

tation of stimulating electrodes. The animal was decere-

brated by a complete transection of the diencephalon and

caudal telencephalon at the level of the optic chiasm. The
animal was then placed in an acrylic holder designed to

hold the animal immobilized during the experiment. Im-

mobilizing drugs such as curare were not employed in

this study because they block synaptic transmission at the

spinal motor nerve-electric organ electrocyte junction.

The holder was positioned in an acrylic tank (61 cm X
12.5 cm X 45.5 cm), and cooled ( 12C), recirculated, aer-

ated seawater was passed over the gills by means of an

oral tube to ensure an adequate supply of oxygen. A small

pulse of fast green dye was injected into the oral tube to

ensure that water was passing over the gills and not back

out of the mouth or spiracle.

The discharges of the electric organ were measured

through Ag-AgCl wire electrodes bilaterally or unilaterally

implanted subcutaneously at about the level of the rostral

and caudal poles of the electric organ in the tail. The

discharges were amplified and recorded on tape with an

instrumentation recorder (Vetter, Model B) for subse-

quent analysis. The spread and orientation of the internal

and external fields generated by discharge of the electric

organ were measured directly by electrodes either in the

seawater bath or implanted in the ampullary clusters

within the body of the skate (see below). External fields

were measured using an Ag-AgCl wire electrode positioned

at various locations around the animal's body in the sea-

water bath. A reference electrode was positioned at some

distance (approximately 25 cm) from the animal. Both

electrodes were connected to a Grass P-15 differential

preamplifier, filtered between 0.3 Hz and 1.0 kHz (time

constant >150 ms), and measured directly on an oscil-

loscope. Internal potentials were measured by implanting

an insulated Ag-AgCl tipped wire electrode into the sub-

dermal clusters of ampullary alveoli in which the electro-

receptors are located. The recording electrodes were in-

troduced through a fine hypodermic needle inserted

through the skin at a point on the animal above the water

line in the tank and then withdrawn. The reference elec-

trode was then positioned at various locations around the

skate's body to measure the voltage drop across the length
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of the receptors (in a manner similar to the voltage mea-

sured by the receptors). The potential difference between

recording (internal) and reference (external) electrodes was

amplified by a Grass P-15 preamplifier and measured on

an oscilloscope.

The activity of individual ALLN fibers was recorded

by means of glass micropipette electrodes filled with 2M
NaCl saturated with fast green dye and with input imped-

ances of 12-20 megohms. Responses ofALLN fibers were

recorded directly from the nerve, near the ALLN ganglion.

Electrosensory ALLN fibers were initially identified by

their responses to a uniform electric field oriented along

the longitudinal axis of the tank between two carbon rod

electrodes connected to a Grass Instruments S-88 stim-

ulator. The field stimulus consisted of DC-step pulses of

approximately lOO^V/cm amplitude and 700 ms dura-

tion. The intensity of the field was measured directly in

the tank by means of two Ag-AgCl wire electrodes posi-

tioned 10 cm apart and parallel with the orientation of

the field. The threshold receptive fields of the individual

ALLN fibers were subsequently identified with a hand-

positioned local dipole source consisting of two 2.0-mm

(o.d.) glass tubes filled with 2% agar in seawater and con-

nected to a Grass Instruments S-88 stimulator via Ag-

AgCl wire electrodes. The initial intensity of the local DC-

step field, measured directly at one of the poles, was

<50 f/V, and the average distance between the poles of

the local dipole was 4.0 cm. Upon encountering ampullary

pores responding to local electric field stimuli, the stimulus

was systematically decreased to identify as nearly as pos-

sible the threshold receptive field of the recorded ALLN
fiber. In this study, the threshold receptive field is defined

as the location of the epidermal pore of the ampullary

electroreceptor, but in actuality the "receptive field" of

the electroreceptor is the distance between the pore and

the electroreceptor cells within the internal alveoli across

which the voltage drop is measured. Action potentials re-

corded from ALLN fibers were transformed into digital

logic pulses through a WPI window discriminator and

stored as peristimulus time histograms on a Tracor

Northern signal analyzer. Additionally, spike activity and

electric organ discharges were in some cases recorded as

analog signals on a Vetter Model B reel-to-reel instru-

mentation tape recorder. Electric organ discharges re-

corded in this manner were converted to digital signals,

and the power spectra of the signals were analyzed using

a Zenith 286 microcomputer and ASYSTANT PLUS

(Keithley Metrabyte) analytical software. Aliased fre-

quencies represented in the generated power spectra were

removed by software filtering.

Electric organ discharges (EODs) were elicited in skates

by several different techniques. The methods employed
included stimulation of the thoracic spinal cord either by
insertion of a concentric bipolar stimulating electrode or

Tactile Stimulation

Left

Right

EOCN Stimulation

Left

Right

O.I s

Figure 2. Electric organ discharges (EODs) measured simultaneously

in nght and left electric organs. Upper photo: EODs elicited by tactile

stimulation (gentle tap of dorsal surface). Arrows indicate electromyo-

grams of spinal reflexive withdrawal of pelvic fins following delivery of

tactile stimulus. Lower photo: EODs recorded in the same animal by

electric pulse train stimulation of the medullary electric organ command

nucleus (EOCN). Stimulus delivery was 10ms following initiation of

the oscilloscope sweep.

via two monopolar stimulating electrodes located several

centimeters distant from each other along the longitudinal

axis of the cord. Alternatively, monopolar stimulating

electrodes were placed at the rostral and caudal pores of

the electric organ. Finally, EODs could be elicited through

stimulation of the medullary electric organ command nu-

cleus (EOCN) by means of an implanted concentric bi-
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Raja erinacea

Raja ocellata

20 mV

0. I S

Figure 3. Electric organ discharges recorded from Ra/a erinacea (A,

B) and Raja ocellata (C). The traces in (B) and (C) exhibit the multiple

small peaks seen in many EODs evoked by both tactile and command
nucleus stimulation.

polar electrode. In those cases in which the latter method
of stimulation was employed, the trigeminal nerves were

bilaterally transected to reduce movement caused by vol-

ume conduction of electrical current from the stimulating
electrode to the nuclei of the branchiomeric motor col-

umn. Stimuli consisted of single DC step pulses or, more

commonly, brief trains of pulses (3-5 pulses/train). The
duration of the stimulus pulses was 0.5 ms, pulse ampli-
tude 3-12 V; the pulse rate of the trains varied from 50-
400 Hz. depending upon location; and the train duration

was 40-70 ms.

Results

Electric organ discharges

Discharges of the electric organ (EODs) in the skate

could be elicited by stimulation of the spinal cord, the

electric organ, or the electric organ command nucleus;

however, only the last method was found to be consistently

reliable. Stimulation of the spinal cord with either a single

concentric bipolar electrode or two monopolar electrodes

placed at locations several centimeters distant from each

other along the longitudinal axis of the cord was only

occasionally successful in eliciting repeatable EODs, de-

spite numerous repositionings of the stimulating electrode

or electrode pairs. Neither single pulse stimuli nor trains

of pulses up to 400 Hz elicited consistent EODs, despite

the fact that they repeatedly and consistently elicited large

motor neuron responses, as indicated by movement and

electromyograms (EMGs) recorded via the subcutaneous

electrodes planted in the tail. Similarly, concentric bipolar

or paired monopolar electrodes implanted in the electric

organ itself were only occasionally successful in eliciting

EODs, presumably by means of the excitation of the pre-

synaptic elements of the neural-electric organ junction.

Stimulation of the electric organ command nucleus

(EOCN) was the most reliable method for eliciting con-

sistent and repeatable EODs. Brief (50 ms) trains of 0.5-

ms pulses delivered at 40-75 Hz and 3-5 V intensity were

found to be sufficient stimuli. These were much lower

frequencies and intensities (up to 15V and 500 Hz) than

were required to occasionally elicit EODs by spinal cord

or electric organ stimulation. The threshold of the EOD
response to stimulation of the EOCN was dependent upon
the location of the stimulating electrode; optimum results

were found within an approximately 3-mm length of the

basal medulla at the level ofentry of the facial (VII) nerve.

The electric organ discharges recorded following stim-

ulation of the EOCN were strongly similar in amplitude,

duration, and waveform to those elicited by tactile stim-

ulation (gently brushing or tapping the dorsal surface of

the animal) and to the occasionally recorded spontaneous
EODs generated by the animal (Fig. 2). Discharges in all

cases were bilateral (both organs discharged) and syn-

chronous, although occasionally an asymmetry in am-

plitude of the discharge was observed between the right

and left electric organs. Such asymmetries occurred fol-

lowing both EOCN stimulation and tactile stimuli and

persisted in multiple trials.

When measured across the rostrocaudal length of the

electric organ by implanted subcutaneous electrodes, the

EOD of both R. erinacea and R. ocellata consists primarily

of a large peak that is negative with respect to the rostral

pole of the organ, followed in most cases by a shallower

and longer lasting positive component (Fig. 3). The mean

amplitude of the negative peak for all waves recorded was

-27.9 mV (SEM 2.58, n =
35), and the mean duration

of the negative peak was 53.5 ms (SEM 2.16). The mean

amplitude of the positive component of the EOD wave-

form was +11.12 mV (SEM 2.16. n = 33) and the mean
duration was 192.35 ms(13.6SEM). In both spontaneous
EODs and those elicited by tactile or electrical stimulation.
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Figure 4. Power spectra of electric organ discharges recorded from Raja erinacea (A) and Raja ocellala

(B) compared with frequency response curves generated for anterior lateral line nerve (ALLN) electrosensory

afferent fibers and medullary ascending electrosensory neurons (AENs) (C). Bottom graph modified from

New (1990).

there were frequently one or several small, sharp, positive

peaks superimposed upon the slower negative wave (Fig.

3B). However, the shape of the waveform appeared to be

very consistent fora specific individual, showing only mi-

nor variations, if any, between spontaneous and elicited

EODs. The mean latency of the EOD of R erinacea fol-

lowing EOCN stimulation was 89.4 ms (SEM 2.7, n =

26). The latency of EODs elicited by tactile stimulation

was considerably longer than the responses of muscles

that appeared to be involved in spinal reflexes, such as

the pelvic tin withdrawal reflex. Figure 2 illustrates an

EOD elicited by lightly tapping the animal's dorsal surface.

The EMG recorded as the animal withdrew its pelvic fins

can be observed at a considerably shorter latency (90 ms)
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Figure 5. Field strength of the electric organ discharge elicited by EOCN stimulation measured around

the body of the skate. Each pair of traces represents the field measured locally at the point indicated by the

dot associated with each letter (top trace) and the EOD measured subcutaneously along the length of the

electric organ (bottom trace). In traces A-F, the recording electrode was placed at the indicated locations

and the reference electrode at a distant location. In traces G-L, the recording electrode was implanted in

the ampullary tissues at the location marked "r" and the reference electrode at the positions indicated around

the perimeter of the animal. In the latter examples, the voltage measured approximated the voltage drop

along the length of the ampullary electroreceptors so oriented.

than the elicited EOD (235 ms), suggesting that somato-

sensory information must first ascend, presumably at least

to medullary levels, rather than eliciting an EOD via a

direct spinal reflex pathway to the electric organ motor
neurons in the spinal cord.

The EODs of mature male and female specimens ofR.

erinacea and R. ocellata were recorded on tape and dig-

itized for frequency composition analysis. The power
spectra obtained from EODs of all specimens indicate

that the majority of the power in the EOD signal is in a

single range of frequencies between less than 1 .0 Hz and

10-15 Hz, with the peak of the power spectra between

1 .8 and 3.0 Hz (Fig. 4). Although the number ofR. ocellata

used in this study was too small for statistical analysis (n
=

2), the mean duration and amplitude of the EOD of

R. ocellata were within the range of those observed for R.

erinacea (mean duration, negative peak = 50 ms, mean

amplitude = -35 mV), and there appeared to be little

difference in either the EOD waveform or power spectra

between the two species.

The spread of the EOD around and through the skate

was measured with external and internally implanted

electrodes (Fig. 5). The externally measured field created

by the EOD reverses its polarity across the length of the

electric organ and diminishes sharply with increasing dis-

tance around the surface of the animal from the rostral

terminus of the organ, diminishing to less than millivolt

intensity at the rostral end of the skate's body (Fig. 5A-

F). The amplitude of the externally measured EOD at

the rostral terminus of the organ, at a lateral distance of

1 cm from the tail, was 180 ^V peak to peak. At a distance

of 4.6 cm from the rostral tip of the electric organ along
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Figure 6. Responses of a single electrosensory ALLN afferent fiber to an elicited EOD. The location of

the epidermal pore of the ampullary electroreceptor innervated by this particular afferent is shown at the

location marked "(v)" (the pore was located upon the ventral surface of the skate). The small series of waves

immediately preceding the EOD-invoked reafferent burst is a stimulus artifact of the train pulse delivered

to the EOCN. The bursts of activity indicated with the letter "r" indicate reafferent activity caused by the

animal's ventilation.

the pectoral disk, the amplitude had decreased to 50 ^V,
and at 8.7 cm (at the widest diameter of the pectoral disk)

the peak-to-peak amplitude had decreased to less than

5 fiV. A recording electrode was subsequently implanted
inside the animal in the region of the superficial

ophthalmic ampullary cluster. The EOD thus measured

as the difference across the skin of the skate (i.e., across

the length of the receptors) was similar to the externally

measured field in amplitude and decrease in amplitude
with distance from the electric organ, but the polarity of

the recorded discharge was reversed (Fig. 5G-L). The latter

results indicate that the electric organ discharge does not

generate a significantly strong internal field contrary to

that generated during the animal's ventilatory activity.

Responses ofelectrosensory ALLN afferent fibers

A total of 32 individual ALLN fibers with identified

ampullae were recorded in this study. The responses of

electrosensory ALLN fibers innervating different ampul-

lary electroreceptors displayed considerable variability,

depending upon the location of the ampullary pore. Am-

pullary organs opening through caudally directed canals

to pores located upon the caudal surface of the pectoral

fin showed the greatest responses (Figs. 6, 7). The maximal

instantaneous frequency of the action potential response

recorded from these afferents was approximately 12

spikes/second. Ampullary organs with more rostrally lo-

cated pores showed responses with a much lower signal-

to-noise ratio (Fig. 8). The responses of the most rostrally

located and directed organs (the majority of ampullary

electroreceptors in the skate) showed very weak responses

to electric organ discharges, or no detectable response

above the normal resting activity of the ALLN fiber.

Additionally, the temporal pattern of the measurable

responses of identified electrosensory ALLN afferents

varied depending upon the location and orientation of

the ampullary organ canal and epidermal pore. Generally,

fibers innervating the most caudally oriented and located

ampullary organs responded with a brief burst of action

potentials during the positive-going phase of the EOD
(Fig. 7). The response pattern for units innervating more-

rostral ampullary organs is less clear owing to the low

signal-to-noise ratio of the response and the ongoing ac-

tivity of the fiber. However, several of these neurons dem-

onstrated a response that was out of phase with the more

caudal units, i.e., an inhibition of activity associated with

the EOD. In no case was the response of electrosensory

ALLN fibers to discharge of the electric organ as robust

as the response of these same units to the potentials gen-
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Figure 7. Penstimulus time histograms (PSTHs) of EOD-invoked reafference in three ALLN electro-

sensory afferent fibers innervating caudally oriented ampullary receptors. The ampullary pores of the receptors
are indicated by the open circles; "v" indicates a pore on the ventral surface of the pectoral disk. The
horizontal time scale equals 100 ms; the vertical scale indicates instantaneous frequencies of 17.5 spikes/s

(A, B) and 7.5 spikes/s (C).

crated by the animal's ventilatory activity (Fig. 6). The
maximal spike rate of the responses to respiratory poten-
tials in ALLN fibers approached 91 spikes/second.

Discussion

Reafference produced as a result of motor activity plays
an important role in the activity and organization of ner-

vous systems. Ventilatory activity in skates produces a

strong reafference, driving the electrosensory ALLN af-

ferents through approximately 63% of their dynamic range

(New and Bodznick, 1990). Reafference of this intensity

may well interfere with the animal's ability to detect ex-

ternally generated fields of interest to the animal. In the

central nervous system of elasmobranchs, electrosensory
reafference produced by ventilatory activity (gilling) is re-

duced through a common-mode rejection mechanism
based upon commissural and unilateral local circuit neu-

rons in the first-order medullary nucleus (Montgomery,
1984b; New and Bodznick, 1990; Bodznick and Mont-

gomery, 1992). Unlike the common-mode reafference

produced by ventilation, in which all fibers are excited

and inhibited in phase together, the response of electro-

sensory ALLN afferents to the EOD is highly variable

among fibers innervating different ampullary receptors.

both in the intensity of the response and in the temporal

pattern. Invariably, the reafference produced by discharge

of the electric organ is much weaker than that generated

by ventilation; the maximal response of the most caudally

directed ampullary organs drives the fibers through less

than 10% of their dynamic range. Indeed, for most of the

electroreceptors, which are located in the rostral third of

the pectoral disk, the responses of innervating ALLN fibers

to the EOD are difficult to detect against the ongoing ac-

tivity of the nerve.

The variability in intensity and temporal pattern of

ALLN fiber responses indicates that the reafference pro-

duced by electric organ discharge is fundamentally dif-

ferent from that produced when the animal ventilates.

Respiratory potentials are produced by the modulation

of DC potentials generated by the different electrical

properties of various body surfaces in contact with the

surrounding seawater, particularly ion-exchange surfaces.

Potentials thus produced are probably modulated by

changes in the resistance of the current pathway caused

by the opening and closing of mouth and gill slits during
ventilation (Kalmijn, 1988; Bodznick et a/., 1992). These

potentials modulate the activity of ampullary organs by

changing the voltage at the internal surface of the apical
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Figure 8. Penstimulus time histograms (PSTHs) of EOD-invoked reafference in ALLN electrosensory

afferent fibers innervating rostrally located ampullary receptors. The ampullai-y pores of the receptors are

indicated by the open circles; the pores were located on either the dorsal or ventral surface of the pectoral

disk. The horizontal time scale equals 100 ms; the vertical scale indicates instantaneous frequencies of 20.0

spikes/s (A, B, F) and 17.1 spikes/s (C, D, E).

membrane of the receptor cells by means of current flow

through a low-resistance pathway in the visceral tissues

of the skate. All receptor cells are thus modulated in phase

together from the inside, regardless of the orientation of

the receptor's canal or the location of the ampullary pore

on the surface of the body. Such is clearly not the case

for reafference produced by the EOD.
The variability of the responses ofALLN fibers to EOD

reafference suggests that the EOD spreads over the outside

and inside of the animal and modulates the activity of

ampullary electroreceptors differentially depending upon

receptor location and orientation with respect to the gen-

erated external electric field. The experiments measuring

the shape and intensity of the field generated by the EOD
support this view. When measured with respect to a distant

(approximately 25 cm) reference electrode, the strength

of the field drops off rapidly with increasing distance from

the electric organ, possibly dropping off to below the de-

tectable range of elasmobranch electroreceptors within

several body lengths. When the recording electrode is im-

planted within the tissues of the ampullary cluster, and

the voltage drop along the length of the receptor is mea-

sured by moving the reference electrode to various loca-

tions around the animal's epidermis, a similar decrease

in voltage with distance from the electric organ was ob-

served, although the polarity of the recorded EOD was

reversed. These results indicate that the EOD does not

modulate the activity of electroreceptors internally, as do

the potentials produced during ventilation, but rather

through an external and internal spread of the EOD over

the surface and through the tissues of the animal. It is

possible that the electric organs are insulated from the

low-resistance tissues of the viscera by the surrounding

layers of muscle and connective tissue sheathing of the

EOD in the skate's tail.

Although it is difficult to discern the responses ofmany
individual electrosensory ALLN fibers to the EOD against

the ongoing activity of the fiber, the peaks of the EOD
power spectrum fall within the bandwidth to which am-

pullary electroreceptors are most sensitive (1-5 Hz) and

suggest that the EOD should be an effective stimulus at

short ranges. Although the signal-to-noise ratio of primary
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afferent fiber responses to EOD appears to be low when

compared to that generated by ventilation, these fibers

have a high, steady rate of resting activity and, in these

experiments, are being strongly modulated by the fish's

ventilator/ potentials. Physiological studies in Raja and
in other elasmobranchs have shown that the ascending

electrosensory neurons (AENs) in the first-order medullary
nucleus have a substantially higher signal-to-noise ratio

for weak external fields. This higher ratio is the result of

a low resting activity and the presence of central mech-

anisms for the suppression of ventilatory reafferent inter-

ference (Montgomery, 1984b; New and Bodznick, 1990;

Bodznick and Montgomery, 1992). Furthermore, it has

been demonstrated in elasmobranchs and other electro-

receptive fish that behavioral thresholds for electric field

detection are substantially lower than those measured

physiologically, particularly at the level of the hindbrain.

Thus, the responses of central neurons to electric organ

discharges, produced as reafference or by another skate,

may be substantially greater than those recorded in the

ALLN fibers. Indeed the ability of male stingrays to detect

the very much smaller respiratory potentials of female

conspecifics at considerable distances (up to 1 m) (T. Tri-

cas, Florida Inst. Tech., in prep., cited with permission)

argues that the electric organ discharges of skates may be

effective signals at considerable distances.

Although several studies have examined the production
in different circumstances of electric organ discharges in

skates, no behavioral studies have conclusively demon-
strated a behavioral role for the EOD. Mikhailenko ( 197 1 )

presented limited evidence that EODs may play a role in

social communication by demonstrating seasonal varia-

tions in EOD structure. From these data he suggested a

relationship between EOD changes and seasonal repro-

ductive cycles. Mortenson and Whitaker (1973) reported
that the frequency of electric organ discharge was greater

from pairs of skates swimming together than for skates

held singly; these authors also noted an increased fre-

quency of discharge during the dark portion of the light:

dark cycle. Bratton and Ayers ( 1987) observed that skates

produced EODs in response to presentation of tactile or

electric field stimuli and also when physically encounter-

ing other skates. All of these studies strongly suggest a

social communication function for the EOD, but the lack

of any overt behavior typically associated with discharge
of the electric organ makes it difficult to define a contex-

tual behavioral role for these discharges. The temporal
structure and power spectra of the EODs of male and
female Raja erinacea and Raja ocellata recorded in this

study were very similar, which would seem to preclude

gender or species identification by EOD identification.

The results of this study differ somewhat from those of

Mortenson and Whitaker (1973) and Bratton and Ayers

(1987), in that the time course of EODs recorded from

the two specimens of R. ocellata was very similar to that

recorded from R. erinacea. Such a difference may be re-

lated to the method by which EODs were elicited in this

study (electrical stimulation of the EOCN in a decerebrate

animal), although EODs evoked by tactile stimulation

were invariably very close to those elicited by EOCN
stimulation. Alternatively, seasonal variation in the

structure of the EODs of R. ocellata or the low number
of specimens used in this study may account for the ob-

served discrepancy, because variability in the EOD ofR.

ocellata has been observed in other studies (Bratton et al.,

1993). Studies in other fishes with weak electric organs
have demonstrated that both the pattern of the EOD and

the sensitivity ofthe electrosensory system can be modified

by increased androgen secretion associated with sexual

maturity (Meyer and Zakon, 1982; Meyer, 1983; Zakon
and Meyer, 1983; Bass and Hopkins, 1984). However,

changes in the EOD structure and receptor sensitivity have

not been tested for in the reproductive cycles of skates.
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Osmoregulation in Dreissena polymorpha:
the Importance of Na, Cl, K, and Particularly Mg
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Abstract. Zebra mussels (Dreissena polymorpha) are

unusual in that they cannot survive in Mg-deficient water.

Analysis of blood samples from mussels obtained in the

field indicated a Mg concentration of 1.5-2.0 mA/ im-

mediately after animal collection. However, Mg concen-

tration in the blood decreased rapidly when the mussels

were transferred to Mg-free artificial pondwater (PW); the

t, /2
was 24 h. Blood Mg decreased to the limits ofdetection

within 2 weeks, and the time to 50% mortality was about

1 7 days in Mg-free PW. When Mg-depleted specimens of

D. polymorpha were returned to PW containing Mg, the

net flux was 3 ^mol Mg (g dry tissue h) ', and blood Mg
concentration was restored within a day to 0.4-0.6 mA/.

Mussels depleted of Mg did not survive beyond 5 1 days.

When mussels were acclimated to K-free pondwater

(containing Mg), their osmoregulatory ability was im-

paired, and the total solute of the blood dropped from

30-36 to 21-24 mosm, with blood Na and Cl concentra-

tions declining 30-50%-. This ion-depleted condition was

reversed within 45 h upon return of K. to the pondwater

bathing medium. D. polymorpha individuals were unable

to survive beyond 5 days in deionized water and required

minimal concentrations of Na, Cl, K, and Mg for pro-

longed storage (>51 days) under laboratory conditions.

Mussels survived Ca-deficient solutions for more than 5 1

days, presumably because they were able to mobilize Ca
from internal stores (shell) to maintain blood calcium at

1 mA/.

Introduction

In previous studies, we demonstrated that the tolerance

of Dreissena polymorpha (zebra mussel) to elevated ion

concentrations was notably lower than that of other fresh-

water bivalves (Horohov el a/.. 1992). Krogh (1939) re-

Received 28 February 1994; accepted I June 1994.

ported that although 3 days of salt depletion were required

to stimulate Cl uptake in Dreissena. it took weeks to stim-

ulate ion uptake in unionids. More recent studies have

demonstrated that exposure of D. polymorpha to deion-

ized water (DW) causes small mussels to begin dying

within days, and all die within 30 days (Nichols, 1993:

Ram and Walker, 1993). This inability to tolerate "pure"

water is unusual for a freshwater animal; other freshwater

bivalves (corbiculids, mytilids, unionids) will survive for

months in DW with no mortality (Krogh, 1939; McCorkle

and Dietz, 1980; Scheide and Dietz, 1982; Deaton el a/.,

1989). The addition of either 0.5 mA/ NaCl or 0.5 mA/

MgSO4 promotes short-term survival of zebra mussels

compared to animals maintained in DW, and it was sug-

gested that the absence of solute (<1 mosm) was more

critical than any specific ion requirement (Ram and

Walker, 1993).

Although magnesium transport has been studied ex-

tensively in many cells and tissues (Flatman, 1991; Be-

yenbach el at.. 1993) and recently in the freshwater carp

(van der Velden el ai. 1991), the importance of Mg in

the physiology of freshwater bivalves has not been re-

ported. We have observed that survival of freshwater

dreissenids in Mg-free pondwater (PW) is density depen-

dent. For example, zebra mussels isolated in individual

containers containing Mg-free PW or maintained in small

groups (fewer than 20 animals in a liter of Mg-free PW)
showed substantial mortality when the experiment lasted

longer than 2-3 weeks (pers. obs.). Yet D. polymorpha
maintained at high density (>100 mussels/1) in the same

Mg-free PW suffered virtually no mortality over the same

interval. Only when we stored animals longer than 2

months, unfed, in Mg-free PW did we observe some mor-

tality in these mussels (Horohov et al, 1992). Recently,

an analysis of the chemical composition of lakes showed

that zebra mussels were absent from lakes having low

76
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concentrations of Ca (<0.5 m.l/): these lakes are also low

in Mg 0.1 mAI) (Ramcharan el al.. 1992).

This is the first report demonstrating that a freshwater

bivalve, D. polymorpha, has an absolute requirement
for external Mg for survival. In addition, K, an ion

identified as toxic to freshwater bivalves in concentra-

tions above 0.3-0. 5 m.l/(McMahon, 1991 ), is required

in low concentrations for zebra mussels to maintain Na
and Cl balance.

Materials and Methods

Animals

Specimens of Dreissena polymorpha were collected

from Lake Erie at the mouth of the Raisin River in Mich-

igan and used for most of this study. In addition, some

mussels were collected from the Mississippi River near

Baton Rouge, as noted in the text. Animals were accli-

mated to an artificial pondwater (PW) normally used for

freshwater bivalves (0.5 m.l/ NaCl. 0.2 m.l/ NaHCO 3 ,

0.05 m.l/ KC1, 0.4 m.l/ CaCl : ) but containing 0.2 m.l/

magnesium sulfate. The amount of Mg present in fresh

water is extremely variable, but many rivers and other

bodies of water tend to have aCa:Mg ratio of 2:1, and we

have selected this relationship for the artificial PW used

for zebra mussels (Withers, 1992). Mussels were stored

unfed in aerated PW at 22 2C and survived for months

at this temperature with little mortality. For longer

maintenance, mussels were held in PW at 16 1C and

subsequently transferred to room temperature 5-7 days

before use. We selected larger specimens for study (1.5-

3 cm length) with dry tissue masses (excluding the shell)

of 1 5-80 mg.
To prevent contamination of local water systems with

mussels or veliger larvae, mussel tissue was excised from

the shell and dried to constant weight at 95C before being

discarded. In addition, all acclimation water and animal

containers were treated with 1% chlorine bleach for 24 h

before being discarded.

Blood analysis

Blood was collected by heart puncture and centrifuged

(14,000 g- min) before use (Fyhn and Costlow. 1975). We
routinely collected blood volumes (> 150 /ul) equal to 10-

20% of animal wet weight. Several animals were dissected

to determine landmarks that would ensure pericardial

puncture and prevent the collection of stomach fluid. Ev-

idence of contamination included visible paniculate ma-

terial, the green color of algae, and premature freezing of

the blood sample in the osmometer.

Total solute in the blood was determined by freezing

point depression. Sodium and potassium concentrations

were determined by emission flame photometry. Calcium

and magnesium were diluted in LaCli and assayed by

atomic absorption spectroscopy. Chloride was determined

by electrometric titration. Although the bicarbonate con-

centrations were not routinely measured, we have esti-

mated the concentration previously (see Horohov el al.,

1992). These analytical methods ensured complete ion-

ization and maximum estimates of element concentra-

tions. The difference between the total solute and the sum
of the measured ions was identified as "other" and is as-

sumed to be mostly bicarbonate.

Ion net llux

Previously described methods (Graves and Dietz, 1982)

were used to calculate net ion flux (/n ) from the change

in ion concentration in the bathing medium. For flux

studies, we chose animals that were attached (to the sub-

strate or to each other) by byssal threads, and detached

them by cutting the threads to avoid injuring the animals.

The mussels were rinsed in DW for about 30 min and

transferred to small beakers containing the appropriate

bathing solution. Bath samples were collected at specific

intervals, and ,/ was calculated from the change in ion

concentration in the bathing medium. Net ion flux was

expressed as ^mol (g dry tissue- h) '.

Survival in ion deficient solutions

To characterize the sensitivity of/), polymorpha to ions

in the bathing medium, we transferred groups of 20 an-

imals into either 1 1 ofDW or 1-1 solutions of the 31 per-

mutations of the salts present in PW (see Table III). During

the study the shells of six animals were accidentally dam-

aged, so these specimens were eliminated from the study.

The solutions, covered to minimize evaporation, were

continuously aerated and replaced on alternate days. The

animals were examined regularly: gaping animals were

touched with forceps to stimulate valve closure; unre-

sponsive specimens were touched in the area of the si-

phons. If there were no valve or tissue responses, the an-

imal was considered dead. Dead animals were removed

from the container, the time noted, and the water changed.

The time required to reach 50% mortality (LT50) in each

solution was derived from the probil model (Finney.

1971). Mortality rates were curvilinear, and the cumu-

lative mortality was assigned a probability (probit) ranging

from to 1 at each point when an animal died. The LT50

was calculated from the linear regression of the logarithm

of time and cumulative mortality:

probit (%dead) = A + B (log time, /;)

The time of death of the last animal in the test solution

was reported as the time to 100%- sample mortality

(SM 1( ,n). Animals in 10 of the solutions, including the PW
controls, had little or no mortality, and the experiment
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Table I

Blood ion composition in Dreissena polymorpha collectedfrom the Mississippi River and transferred to Mg-Jree artificial pondwater (PW)

Days in

Mg-free PW
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(Table II). Following the 6-h net flux study, the animals

were left in the solution overnight (17h). Subsequent

sampling showed that the Mg concentration in the blood

of these mussels had been restored to levels comparable
to those in animals continually maintained in PW (com-

pare Tables II and IV). Also, the total solute in these an-

imals was significantly elevated, primarily because of a

modest elevation in the concentrations of both Na and

Cl. The sum of the change in Na and Cl concentration

accounted for 10 of the 13 mosm total solute increase.

The negative value for "other" in the Mg-depleted animals

was not significantly different from zero. However, we

occasionally calculated the sum of the measured ions as

slightly exceeding the total solute for some animals; thus

our Ca values may be inflated due to complete Ca ion-

ization (even of bound Ca) produced by the analytic pro-

cedures. A separate group of 20 zebra mussels acclimated

to PW containing 0.05 mA/ MgSO4 survived more than

60 days with only one death.

Selective ion depletion

Several salts constitute the artificial pondwater, and we

examined the influence of each on the survival of zebra

mussels. Mussels were maintained in solutions to which

salts were added singly or in combination at the concen-

tration present in PW. The LT50 and SM| 00 were deter-

mined, and the total numbers of animals that died are

presented in Table III. All solutions deficient in Na, Cl,

and Mg were lethal, and a minimal concentration of these

ions was required for a 5 1-day survival. Mussels in DW
or solutions deficient in Na did not survive a week. Sur-

vival was extended (LT50
= 2 weeks) in solutions con-

taining only Na salts, but if Ca was present the LT50 was

reduced. Magnesium by itself and in all combinations of

salts with [Na] less than 0.2 mM did not promote survival

beyond an LT 50 of about 30 days. But the combination

of0.2 mM NaHCO 3 , 0.05 mM KC1. and 0.2 mM MgSO4

allowed the animals to survive for 5 1 days and, based on

the apparently normal (5 1-day) blood composition, prob-

ably indefinitely (Table IV). A solution with CaCl 2 and

MgSOj as the only solutes was among the more toxic

combinations; but the addition of Na extended survival

substantially. These data suggest that both the Ca:Mg ratio

and the level of Na are critical to zebra mussel survival.

Prolonged storage of D. polymorpha in PW without

feeding reduced total solute in the blood in PW controls

to 30-35 mosm. Ion concentrations in blood samples
taken from animals that survived the 51 -day differential

ion combination study are shown in Table IV. Mag-
nesium, Na, and Cl were required for the 51 -day sur-

vival, but if K was absent the measured blood ion con-

centrations were significantly lower than those found

in PW. Most of the animals in K-deficient media sur-

vived and were attached by byssal threads, but all had

significantly reduced total solute and significantly lower

blood K, Na, and Cl concentrations perhaps reduced

to near the survival limit for these mussels. Animals in

Ca-deficient solutions had significantly depressed blood

[Ca] but elevated [Mg], suggesting a reciprocal rela-

tionship between these two ions.

Repletion oj blood ions in K-depleted mussels

When the K-depleted mussels were returned to com-

plete PW for 45 h of recovery, the missing ions were rap-

idly reaccumulated and the ion concentrations were re-

stored to near normal (Table V. compare with Table IV).

Table II

Nel Mgjlux (over 6 h) and blood ion composition in Mg-depleted Dreissena polymorpha 17 h after reaccwnulaiing ions from pondwater (P\V)

containing Mg

Treatment
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Table III

Lethal timefor 50% (LT) and 100% sample mortality (SM) of-ebra

mussels in solutions of single sails or mixtures ofsalts at pondwater

(PW) ion concentrations

Days

Ions LT 5 , SM,, n died

Distilled water
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Table IV

Blood ion concentration in Dreissena polymorpha surviving 51 days in pondwater (P\V) and solutions deficient in salts present in artificial PW

81

Incubation medium
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eral PW-acclimated unionids is equal to or exceeds [Cl]

(Dietz. 1979). One of the better single salts for extending

survival of zebra mussels (LT 5o
= 2 weeks) was NaHCOi,

and the survival was doubled (LT50
= 4 weeks) with the

addition of any ion but Ca.

Half of the animals exposed to calcium-containing so-

lutions without Mg did not survive 2.5 weeks (maximum
LT50 < 17 days). Apparently the presence of exogenous
and endogenous Ca, in the absence of exogenous Mg.
resulted in an unfavorable Ca:Mg balance, leading to

death. We do not know which functions critical for sur-

vival are impaired by Mg deficiency, but candidates range

from disruption of epithelial cell junctions to elevation

of membrane ion permeability (both factors aggravating

ion losses), or Ca interference with Mg-requiring enzymes.

Deaton and Greenberg (1991) noted a good correlation

between the osmoregulatory ability of bivalves and their

capacity to mobilize calcium. They suggested that the

ability to regulate membrane permeability to ions was

intimately linked to calcium balance, especially the ability

to elevate blood [Ca]. Blood [Ca] in D. polymorpha was

regulated at relatively low concentrations under the con-

ditions we studied, and our data seem to fit Deaton and

Greenberg's hypothesis. Yet the role and importance of

blood bicarbonate in bivalve osmoregulation is not being

considered in this hypothesis and suggests an area meriting

further study.

The two salts promoting the longest survival in the ion

permutation experiments were NaCl and MgSO4 . It is

unlikely, on the basis of the substantial loss of blood sol-

utes observed, that the animals would have survived much

beyond the study period (51 days) in this minimal salt

mixture.

Blood Na and Cl balance could not be maintained fol-

lowing exposure of zebra mussels to solutions deficient in

K. The loss of K from the blood and cells probably dis-

rupted the electrochemical gradient required for Na and

Cl transport. The [K] tolerance range of zebra mussels is

exceptionally narrow. Potassium concentrations above

0.3-0.5 mA/in PW are lethal to D. polymorpha and other

freshwater bivalves, yet, unlike other freshwater mussels,

zebra mussels cannot survive without K while being stored

unfed in the laboratory (Dietz and Byrne, 1990; Fisher et

al.. 1991; McMahon, 1991; Horohov et al.. 1992; Ram
and Walker, 1993; Vinogradov et al.. 1993). Fed bivalves

may survive a year in the laboratory, in part because of

the food supplement, but starvation is not a significant

short-term problem, because unfed zebra mussels will

survive for over 6 months when maintained in Mg-PW.
When zebra mussels are fed, the K content of the algal

cells and the culture medium used to raise the algae must

be monitored. If, during feeding, the K concentration in

the bathing medium is elevated above the tolerated level.

the zebra mussels will be killed by the excess K, not by

too much food.

The ambient level of calcium is an important predictor

of zebra mussel presence and has a positive correlation

with population density in a variety of lakes that have

been modeled (Ramcharan et al., 1992). In contrast, [Mg]

displays no relationship with mussel occurrence or abun-

dance. The minimum amount of Mg present in lakes with

sufficient Ca to support a high zebra mussel population

is 0.1 mAI, and with low zebra mussel density the mini-

mum amount of Mg is 0.03 mA/. The 0.03 mAI Mg con-

centration is likely to be near the threshold for zebra mus-

sel survival. Sprung (1987) also noted significantly more

abnormal embryonic development when D. polymorpha
was raised in 0.04 mM Mg. But since, in zebra mussels,

the Mg requirement seems to be for threshold amounts,

there is no correlation with mussel population density

over a range of Mg concentrations.

According to the model of Ramcharan et al. (1992).

the Mississippi River ion concentrations are well above

the threshold for the factors contributing to zebra mussel

populations of high density. Indeed, we observed that both

the adult zebra mussels and some larvae survived the

summer of 1993 in the Mississippi River, even though

temperatures were above 27C for nearly 3 months. The

predictive models developed by Ramcharan et a/. ( 1992)

suggest that the Mississippi River can support high den-

sities of zebra mussels.

The unique sensitivity of zebra mussels to environ-

mental ion composition may explain some of the vari-

ability that has been reported in the survival and blood

ion concentrations. Even though zebra mussels are

normally found in water with moderate to high calcium

concentrations, they will survive low environmental

[Ca] providing the bathing fluid contains Mg in minimal

amounts. Although zebra mussels have an absolute re-

quirement for Mg in the water, they can be held for

months in nominally Mg-free PW if they are stored in

high density (> 100/1). The Mg lost by one mussel will

accumulate in the medium and be available for uptake

by adjacent animals. Even the "weaker" animals suf-

fering the greatest Mg loss would survive for weeks if

the composition of the ion mixture in the bathing water

were adequate.

D. polymorpha represents one of several independent

invasions of fresh water, and these mussels have evolved

many physiological processes that are in common with

other freshwater bivalves (Dietz, 1979; Deaton etui. 1989;

Deaton and Greenberg. 1991; McMahon, 1991; Horohov

et al.. 1992). However, zebra mussel ion transport rates

are among the highest found in freshwater mussels and

reflect the recent evolution from brackish-water ancestors

(Horohov et al., 1992). For survival in fresh water, the

ionic uptake rate must be in balance with ionic loss (renal
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and extrarenal). Of the freshwater bivalves studied, zebra

mussels are least capable of tolerating ion losses associated

with salt-depletion conditions imposed by deionized wa-

ter. Zebra mussels require minimal concentrations of ions

(Mg, Na, K, Cl) in their environment for long-term (>50

days) survival. Thus, zebra mussels are the most steno-

haline (both low and high salinity) freshwater bivalves

that have been studied. Unlike other freshwater bivalves,

D. polymorpha apparently has not evolved sufficient

mechanisms to allow survival in the most dilute of fresh-

water environments.
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Abstract. Oxygen consumption rates were measured in

14 species of hydromedusae and 5 species of bathypelagic

coronate scyphomedusae. Analysis of all individuals of

all species of medusae showed the familiar pattern of de-

creasing specific oxygen consumption rate with increasing

wet weight of animals. Citrate synthase (CS), lactate de-

hydrogenase (LDH), malate dehydrogenase (MDH), and

pyruvate kinase (PK) activities were measured in more

than 30 species of medusae. Octopine dehydrogenase,

strombine dehydrogenase, and alanopine dehydrogenase
were not detected in either hydromedusae or scyphome-
dusae. The allometric scaling phenomenon of decreasing

activity in larger individuals was observed in Krebs cycle

enzyme activities. LDH activities, on the other hand, in-

creased with increasing wet weight. Most medusae were

aerobically poised, with higher CS activities than LDH
activities. However, several meso- and bathypelagic me-

dusae, including the coronate scyphozoans Periphylla

periphylla and Nausithoe rubra, were anaerobically poised,

possibly as a mechanism to assist in vertical migrations

at low oxygen concentrations in the oxygen minimum

layer. There is poor correlation between CS activities and

oxygen consumption rates in these medusae when com-

pared to previously investigated animals. To account for

this poor correlation, we propose the hypothesis that me-

dusan CS at the periphery of the maximum diffusion dis-

tance may be oxygen-limited and does not function at

the normal in vivo rate. For pelagic medusae, there is no

apparent decline in metabolic rate and metabolic poten-

tial, as determined by enzymatic activity, with increasing

depth of occurrence, beyond the declines caused by the

decrease in temperature with depth. These patterns are

Received 14 September 1993; accepted 6 June 1994.
1

Present address: The Evergreen State College, Olympia. Washington
98505.

in contrast to the rapid declines in metabolic rates and

metabolic potentials with depth that have been observed

for pelagic fishes and crustaceans. Deep-living medusae

have metabolic rates of a magnitude similar to those of

bathypelagic fishes and crustaceans.

Introduction

Previous studies on the metabolic rates of medusae have

been mainly restricted to the more common near-shore

species (e.g., Arai. 1986; Larson, 1987b, and references

cited therein). The few physiological and biochemical in-

vestigations on deep-living gelatinous organisms include

measurements of the /'/; situ respiration of the bathypelagic

scyphomedusa Pom/in rufescens (Smith, 1982); the met-

abolic rates of the midwater ctenophore Bathocyroe fosteri

(Youngbluth et a/., 1988); and the oxygen consumption
rate of the gelatinous pelagic holothuroid Scotoanasxa sp.

from the benthic boundary layer off southern California

(Childress et a/.. 1 989). In addition, we recently measured

the respiratory rates and enzyme activities of the gelati-

nous polychaete Poeohius meseres and some other deep-

sea worms and chaetognaths (Thuesen and Childress,

1993a. b).

One method of estimating aerobic metabolic rates from

enzymatic activities involves measurement of the activity

of the electron transport system (ETS) (Bamstedt, 1980;

Mayzaud, 1986; Packard. 1979; Packard et cil.. 1975;

Packard et al.. 1988). This method has been applied to

various types of zooplankton. including three species of

epipelagic hydromedusae by King and Packard (1975).

They observed lower metabolic potentials (ETS activities)

in relation to oxygen consumption for medusae than for

other zooplankton. There are no previous studies on the

metabolic enzvme activities of medusae.

84
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Many investigators have observed large declines in the

metabolic rates of pelagic fishes and crustaceans with in-

creasing habitat depth (Childress and Thuesen, 1992). The

oxygen consumption and nitrogen excretion rates of pe-

lagic crustaceans and the metabolic rates and metabolic

potentials, as estimated by enzyme activities, of pelagic

fishes, decline rapidly with increasing depth of occurrence

(Childress, 1971, 1975; Childress and Somero, 1979;

Cowlesetal.. 1991;Ikeda. 1988; Quetin ct a/., 1980; Sul-

livan and Somero, 1980; Torres el a/.. 1979; Torres and

Somero, 1988). Protein contents of pelagic crustaceans

and fishes also decline as a function ofdepth ofoccurrence,

but to a much lesser extent than metabolic rates and en-

zymatic activities (Bailey and Robison. 1986; Childress

andNygaard, 1973, 1974; Childress el a/.. 1 990b; Stickney

and Torres, 1989). Differences in temperature, pressure,

chemical composition, or size have been estimated to ac-

count for only a small fraction of the declines in metabolic

rates of these organisms. The corresponding proportional

decline of enzyme activities in fish white muscle indicates

that the decline in metabolic rate is laid down at the sub-

cellular level (Childress and Somero, 1979; Siebenaller

and Yancey, 1984; Somero and Childress, 1980; Sullivan

and Somero, 1980; Torres and Somero, 1988).

The visual interactions hypothesis has been proposed
to account for the widely observed metabolic declines with

habitat depths in pelagic crustaceans and fishes. It suggests

that animals that use visual interactions in predator-prey

relationships have high metabolic rates to maintain the

robust bodies needed to react rapidly over the appreciable

distances in which visual interactions take place in high

light environments; whereas animals that live in environ-

ments where visual interactions are much more limited

in distance due to low light levels, or that do not have

image-forming eyes, have experienced reduced selection

for locomotory capabilities and hence have lower meta-

bolic rates compared to their visual counterparts (Chil-

dress and Mickel, 1985; Childress el al.. 1980; Childress

ct al.. 1990a). One test of the visual interactions hypothesis

is to examine the metabolic characteristics of nonvisual

pelagic animals with regard to increasing habitat depth.

The visual interactions hypothesis suggests that bathy-

pelagic nonvisual organisms would have metabolic rates

similar to their epipelagic counterparts. We have tested

this hypothesis by examining the metabolic rates and en-

zyme activities of California chaetognaths in relation to

depths of occurrence, and our observations support the

predictions of the visual interactions hypothesis (Thuesen

and Childress, 1993a). Meso- and bathypelagic chaetog-

naths have oxygen consumption rates and enzyme activ-

ities comparable to epipelagic species when measured at

the same temperature.

Herein we examine the predictions of the visual inter-

actions hypothesis when applied to pelagic medusae

another group of pelagic organisms that do not have im-

age-forming eyes. Gelatinous organisms are important

components of pelagic ecosystems, and yet they have his-

torically been overlooked or underestimated in studies on

marine ecosystems. In the last decade, the quantitative

importance of medusae, ctenophores, salps, and other ge-

latinous animals in the flow of energy through pelagic

ecosystems has been recognized (Alldredge, 1984; Long-

hurst, 1985). This study is a broad comparison of the

metabolic rates and potentials of oceanic hydromedusae
and scyphomedusae living at depths down to 2 km. We
examined enzyme activities and metabolic rates in relation

to wet weight to determine the influence of body size on

these parameters; we also looked at the metabolic poise

of the medusae in this study by comparing anaerobic and

aerobic metabolic potentials.

Materials and Methods

Collection ofmedusae

Our primary collecting gear was an opening-closing

Mother Tucker trawl with a 10-m 2 mouth fitted with a

closing 30-1 insulated cod end (Childress el al., 1978). The
cod end prevented heat shock to animals living below the

thermocline and injury due to turbulence while the net

was being brought to the surface. Epipelagic medusae were

occasionally captured by 200-m wire-out oblique tows of

a 1-m ring net. Collections were carried out on the RV
Point Sur in the San Clemente Basin during September
1988 and in an area about 160 km west of Point Con-

ception, California (123E, 3450' N) in July 1991, and

on cruises of the RV New Horizon off Point Conception
in June 1990 and February and June 1991. The ship speed

was kept very low (0.5-1 kn) to decrease turbulence and

abrasion in the net and reduce the number of animals

collected in the cod end, thereby maximizing the condition

of the gelatinous organisms. Animals were transferred to

5C seawater upon recovery, quickly identified to species,

and either held for measurements of metabolic rate or

frozen in liquid nitrogen for later analyses of enzyme ac-

tivity in the laboratory. Every effort was made to select

animals with empty manubria and to remove commensal

or epizoic organisms.

In addition to these collections, some animals were ob-

tained with the sampling pumps and collecting devices of

the Monterey Bay Aquarium Research Institute's ROV
I'entana in Monterey Canyon in August 1990. Neritic,

demersal, and epiphytic medusae were occasionally hand-

collected in the Santa Barbara Channel by scuba divers

over the course of this study.

The demersal hydrozoan Polyorchis penicillatus and

the epipelagic hydrozoan Leukartiam oekma were main-

tained in a planktonkreisel with an abundant supply of

crustaceans, primarily Holmesimysis costata, as food for
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up to 48 h after capture. They were then held without

food for 24 h until their manubria were empty, before

being frozen for enzyme activity investigations. Selected

individuals of L. octona were acclimated to a colder

temperature. 5C. in a planktonkreisel for 1 week under

the same food conditions and then used for respiration

experiments.

Some specimens that were originally frozen in liquid

nitrogen were stored up to 6 months in a 80C freezer

without detectable loss of enzyme activities. Animals

collected by meter net and remotely operated vehicle,

without thermal protection, were used only for enzyme

assay investigations.

The report on the hydromedusae of the Indian and

Pacific Oceans by Kramp (1968), Russell's treatises on

Atlantic medusae (Russell, 1953, 1970) and the numerous

references cited therein were indispensable in our iden-

tification of medusae to species.

Metabolic rate measurement

Oxygen consumption measurements on animals that

were recovered in excellent condition were carried out

either on board ship or in the laboratory. Our previous

experiments on the effect of hydrostatic pressure on two

bathypelagic hydromedusae, Crossota rufobrimnea and

Aegina citrea. showed no significant differences in met-

abolic rates measured at 1 and 101 atm (Childress and

Thuesen, 1993). Therefore, all metabolic rates were

measured at atmospheric pressure. Oxygen consumption
rates were measured in two ways, depending on the size

of the animal. Larger animals were transferred to water-

jacketed respiration chambers of appropriate size con-

taining 5C filtered seawater with antibiotics (0.20-/jm

membrane filter; 25 rngT
1 each of streptomycin and

penicillin) and equipped with small stirring pumps con-

sisting of a magnetic stirring bar enclosed within a dis-

crete plastic chamber. This mechanism allowed for gentle

mixing of water and provided sufficient flow for the

Clarke-type oxygen electrodes (Mickel el a/., 1983) with-

out damage to the animal. Smaller animals were trans-

ferred to glass syringes used as miniature respiration

chambers (Thuesen and Childress, 1993a). The syringes

with filled with filtered seawater containing antibiotics

as above and incubated at 5C. Periodically, a gas-tight

syringe was used to withdraw water samples from the

incubation syringe through a three-way valve, and the

new incubation volume was noted. Before the sample
was withdrawn, syringes were turned end-over-end sev-

eral times to mix the incubation medium. Oxygen and

carbon dioxide content of the water was measured with

a gas chromatograph (Childress el a/.. 1984).

Oxygen consumption rates of hydromedusae from the

Santa Barbara Channel. Vallentinia adherens. Eirene

mollis, and Leukartiara octona, were measured at 15C
following the latter method. The oxygen consumption
rates of acclimated L. octona were measured at 5C. Oxy-

gen consumption rates at 10C of Periphylla periphylla

and Colobenema sericeum were measured with oxygen

electrodes.

Control syringes of filtered seawater containing the an-

tibiotic mixture but without animals were run simulta-

neously. After removal of the animals, syringe and res-

pirometer experiments were periodically left to continue

as controls to check for bacterial contamination. If present,

background respiration was subtracted from animal res-

piration. Background respiration was always undetectable

at 5C. After experiments at sea, animals were weighed

using a shipboard motion-compensated precision balance

system (Childress and Mickel, 1980). In the laboratory,

animals were weighed on an analytical balance. All spec-

imens used in oxygen consumption experiments were later

frozen in liquid nitrogen for spectrophotometric analysis

of enzyme activities.

Biochemical analysis

The following enzymes were screened to select appro-

priate indicators of aerobic and anaerobic metabolic po-

tential: citrate synthase (CS, E.C. 4.1.3.7), malate dehy-

drogenase (MDH, E.C. 1.1.1.37), lactate dehydrogenase

(LDH, E.C. 1 . 1 . 1 .27), pyruvate kinase (PK, E.C. 2.7. 1 .40),

octopine dehydrogenase (E.C. 1.5.1.11), alanopine de-

hydrogenase (E.C. 1.5.1.17), and strombine dehydroge-

nase (E.C. 1 .5. 1 .?). Although we assayed for these enzymes
in a variety of medusae, our study focused on CS and

LDH as two enzymes representative of metabolic poten-

tial. CS is an important regulatory enzyme and functions

in the first step of the citric acid cycle. MDH plays a variety

of roles in intermediary metabolism and is important in

the citric acid cycle. These enzymes serve as indicators of

aerobic metabolic potential. LDH is the terminal enzyme
in glycolysis, and PK is the regulatory enzyme that sup-

plies pyruvate for LDH in the second-to-last step in gly-

colysis. These two enzymes are excellent indicators ofgly-

colytic potential and contribute to both aerobic and an-

aerobic metabolic pathways. Because we did not assay the

various opine dehydrogenase in all the species in this

study, it could be that one or more of these enzymes are

better indicators than LDH of anaerobic potential in some

species. CS, MDH, LDH. and PK activities in fish muscle

have all been found to correlate well with oxygen con-

sumption rates (Childress and Somero, 1979; Somero and

Childress, 1990; Sullivan and Somero, 1980; Torres and

Somero, 1988).

Whole animals were weighed on a Mettler analytical

balance while they were still frozen and were homogenized

at a very low dilution (from 1:1 to 1:9 parts weight/volume
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in 0.01 A/Tris homogenization buffer, pH 7.5, at 10C)
in Duall hand-held glass homogenizers kept on ice. Low
dilutions were used to detect the low enzyme activities

present in medusan homogenates. Very large animals were

subsampled by removing a wedge-shaped piece of the

whole animal for homogenization. Aliquots of homoge-
nate were transferred to microfuge tubes and ccntrifuged

at 6600 X g for 5 min at 5C. Unlike the enzyme activities

of fish muscle, activities in whole-animal homogenates
decreased by 20-40% after 4 h standing on ice. Therefore,

all assays were performed within 1 h of homogenization,

using a Shimadzu UV 1 60U spectrophotometer equipped

with a water-jacketed cuvette holder. The subumbrellar,

or swimming, muscle of some of the larger species of me-

dusae was readily excised. For these species, the enzyme
activities in these muscles were also measured. Small

amounts of sample supernatant (10, 25, or 50 ^0 were

used for assays. To estimate maximum metabolic poten-

tial, measurements of enzyme activity were made in 1-

ml quartz cuvettes at 20C under nonlimiting conditions

and followed procedures essentially the same as those de-

scribed previously (Childress and Somero, 1979; Somero

and Childress, 1980). Enzyme activities are expressed as

units (micromoles substrate converted to product per min)

per gram wet weight of animal.

CS activity was measured in a medium containing

50 mAI imidazole/HCl buffer (pH 7.8 at 20C), 0.5 mM
oxaloacetate, 0.1 mM acetyl-CoA, 0.1 mM 5,5-dithiobis

(2-nitrobenzoic acid) (DTNB), and 1.5 mM MgCl : . The

increase in absorbance at 412 nm due to the reaction of

the reduced coenzyme A generated by the enzymatic re-

action with DTNB was recorded. Background activity be-

fore the addition of homogenate supernatant was re-

corded, and this background rate was then subtracted from

the overall rate after the assay reaction was initiated by

addition of the oxaloacetate. Background activity was

subtracted from total activity to calculate the enzyme ac-

tivity of the sample. MDH activity measurements were

performed in a medium containing 100mA/ Tris/HCl

buffer (pH 8.1 at 20C). 20 mM MgCl 2 , 0.4 mM oxalo-

acetate, and 1 50 /nA/NADH. LDH activity was measured

in a medium containing 80 mA/ Tris/HCl buffer (pH 7.2

at 20C), 2 mM sodium pyruvate, 150 nM NADH, and

100 mM KC1. PK activity was measured in a medium

containing 50mA/ imidazole/HCl buffer (pH 7.8 at

20C). 100 mA/ KC1. 10 mA/ MgSO4 , 0.1 mA/ fructose-

bisphosphate. 1.0mA/ phosphoenolpyruvate, 5.0mA/

ADP, 150 n\f NADH and excess LDH activity (rabbit

muscle LDH, Sigma Chemical Co.). The assay reactions

of MDH. LDH. and PK were started by addition of the

sample supernatant, and the decrease in absorbance at

340 nm due to NADH oxidation was recorded.

Lactate concentration in tentacle and swimming muscle

tissue ofPeriphylla periphylla and Aegina citrea was mea-

sured at sea. Frozen tissue was homogenized in 0.1 M
perchloric acid, neutralized to a pH of 10 with KOH, and

centrifuged at 6600 X g for 10 min. Lactate concentrations

in the supernatant were measured enzymatically using L-

lactic acid assay reagents (Boehringer-Mannheim).

Statistical analysis

All statistical analyses were performed with Statview II

or SuperANOVA (Abacus Concepts, Inc., Berkeley, CA).

Simple linear regressions, multiple regressions, Kendall

nonparametric rank correlations, and analysis of covari-

ance (ANCOVA) were used to explore the relationships

among the parameters that were measured in this study.

Simple linear regressions were used to describe the rela-

tionships between various variables, including relation-

ships between weight-specific citrate synthase activity and

weight-specific metabolic rates. Regressions of total (not

standardized by weight) CS activities versus total oxygen

consumption rates were not used. Although this statistical

methodology has been used in previous studies on zoo-

plankton physiology, it essentially regresses body mass on

the r-axis with body mass on the .Y-axis, and it thereby

results in higher values of correlation coefficients and ap-

parent statistical significance when compared with a slope

of zero. It does not, however, test the relationship between

enzyme activity and oxygen consumption rate indepen-

dent of body size. All rates of oxygen consumption and

enzyme activity referred to in this study are weight-spe-

cific. All the regressions in this study were carried out on

In-transformed data to improve linearity.

Oxygen consumption rates and enzyme activities of

medusae were evaluated in relation to wet mass of the

animals, and scaling coefficients from the allometric

equation v = aMh were derived, where A/ is the wet weight

of the animal, b is the scaling coefficient, and a is a con-

stant for the species at a given temperature (Schmidt-

Nielsen, 1983). Mean values of specific oxygen consump-

tion rates and the enzyme activities of whole-animal ho-

mogenates for each species were used in comparisons with

crustacean and fish data from the same region (metabolic

rate data on pelagic crustaceans [Childress. 1975] and en-

zyme activities of fishes [Childress and Somero, 1979;

Wells and Childress, unpublished]) using ANCOVA to

test whether the slopes ofthe various relationships between

minimum depth of occurrence (MDO) and enzyme ac-

tivity were significantly different. The Kendall rank cor-

relation was used to test for significant relationships be-

tween MDO and the biochemical-physiological parame-

ters without any assumptions of form or linearity of the

relationships and to find correlations between the bio-

chemical and physiological data. Since these tests are per-

formed on data from within a single region that has a

consistent relationship between temperature and depth.
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no correction for temperature difference is necessary.

MDO in a given region is defined as that depth below

which 90% of the population usually can be found (Chil-

dress, 1975). A depth of 10 m was taken as the MDO for

animals living at 10m or shallower to avoid distortions

in regressions of In-transformed data. Medusan MDOs
are based on our personal observations using the opening-

closing Mother Tucker trawl and published bathymetric

distributions of medusae off southern California (Alvar-

ino, 1967). When we did not have sufficient data to eval-

uate MDO for a given species, the shallowest capture depth

was used. This was only done for the rarer species of me-

dusae, which were uncommonly captured in trawls. Min-

imum capture depths for Tiaranna rotunda, Euphysora

gigantea. and Neoturrisfontata are 650, 350, and 650 m,

respectively. The epiphytic medusa I ". adherens was ex-

cluded from depth comparisons of pelagic species.

Wet mass was used as the size measurement, because

this parameter is the physiologically significant one that

determines constraints on animal locomotion, behavior,

etc. Other measurements, such as dry weight or protein

content, used as indicators of size can lead to misinter-

pretations concerning the biology and ecology ofthe whole

organism. The significance of using various parameters

of body size in this regard has been discussed previously

(Childress, 1977; Childress and Somero, 1979).

Results

Oxygen consumption measurement

Many species of medusae were collected in excellent

condition by using the large insulated cod end. These in-

cluded four undescribed species of Trachymedusae: Pan-

lachogon sp. A (cf. P. haekeli). I 'ampyroerossota childressi

(Thuesen. 1993), Tetrorchis sp. A (distinct from T. ery-

ihrogaster), and an orange and pink rhopalonematid.

Crossota sp. A. Very large and fragile animals, such as

Solmissus incisa, could not be collected in sufficiently

healthy condition for oxygen consumption rate measure-

ments; however, smaller fragile animals, such as species

of the Halicreatidae, were often collected with tentacles

more than several body-heights in length and with intact

swimming bells. These animals were still swimming after

24 h in the incubation syringes. Coronate medusae, rho-

palonematids, and other robust animals were caught in

pristine condition and could be maintained alive and

swimming for several days in 20-1 buckets in a 5C re-

frigerator. Oxygen consumption rates were measured on

14 hydrozoans and 5 species of coronate scyphozoan me-

dusae; mean rates are presented in Table I. Oxygen con-

sumption rates of three species of medusae were measured

at two temperatures, and the Q, for Leukartiara octona

and the estimated Q 10 values for Colohenema sericeum

and Penphylla periphylla are 3.5, 4.8. and 2.6, respectively.

Analysis of all individuals of all species of medusae

showed the familiar pattern of decreasing oxygen con-

sumption rate with increasing wet weight of animals at

both 5 and 15C (Fig. 1). Scyphozoans analyzed as a

separate group also showed a highly significant relation-

ship between size and metabolic rate (b
= -0.26; F test

for regression coefficient, P < 0.0 1 , 95% CI: 0. 1 7 ). How-

ever, among the hydrozoan medusae there was a less sig-

nificant effect of size on metabolic rate (b = -0.13; Ftest

for regression coefficient, P = 0.07, 90% CI: 0. 1 1 ). Al-

though analysis of most species over a large enough size

range with a sufficient number of individuals to determine

species-specific scaling patterns was not possible, it was

undertaken for Aegina citrea, Crossota rufobrunnea, and

Penphylla periphylla. A significant size-metabolism re-

lationship was found only for C. rufobrunnea. which had

a scaling coefficient of -0.3 1 (F test for regression coef-

ficient, P = 0.02; 95% CI: 0.25).

Enzyme activity

Citrate synthase, lactate dehydrogenase. pyruvate ki-

nase, or malate dehydrogenase activities were measured

on more than 150 individuals of 32 species of medusae

(Table II). LDH and CS activities were measured in iso-

lated swimming muscle of large medusae: Pelagia color-

ata. Atolla wyvillei, Periphylla periphylla, and Solmissus

incisa (Table II). We could not detect octopine dehydro-

genase in any species tested (whole-animal homogenates

of Pelagia colorata. AitreUa aurita, an unidentified epi-

pelagic hydromedusan, Crossota rufobrunnea, Crossota

alba, Haliscera conica, Haliscera bigelowi, or isolated

muscle of P. colorata and P. periphylla). We also could

not detect either alanopine dehydrogenase or strombine

dehydrogenase in any species tested (whole-animal ho-

mogenates of C rufobrunnea, C. alba, H. conica, and H.

bigelowi or isolated muscle of P. periphylla).

The highest CS activities were measured in the epiphytic

medusa I 'allentinia adherens. The highest LDH activities

were measured in P. periphylla. Citrate synthase and LDH
activities in 5. incisa were lower than could be detected,

but both these enzymes were measured at low levels in

isolated swimming bell muscle. Citrate synthase could not

be detected in whole-animal homogenates or in isolated

coronal muscle of A. wyvillei and A. vanhoeffeni. although

the coronate medusae of other genera had readily mea-

surable CS activities. CS activity was higher than LDH
activity in many of the species, although LDH activities

were higher than CS activities in A. citrea. H maasi.

Ptychogena lactea. and the coronate scyphozoans A. van-

hoeffeni, A. wyvillei, P. periphylla, and Nausithoe rubra.

PK and MDH activities were usually higher with respect

to their corresponding LDH and CS activities in the few

species for which these enzymes were investigated; how-
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Metabolic rates ol'medusae collected off California
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Figure 1. Oxygen consumption rates at 5C (A) and 15C (B) of

California medusae as a function of their wet weight. The slope of the

regression line for 5C experiments is v = 0.141 .v
22

: R = 0.45. The

slope of the regression line for 15C experiments is y = 0.712 .v~-
26

: R
= 0.77. Symbols for animals are as follows: Narcomedusae (53), Hali-

creatidae ( ), Rhopalonematidae ( + ). Coronate scyphomedusae (O).

Vallentinia adherens (A). Leptomedusae ( ), Li'iikurtiara oclona (A).

P < 0.05 for both regressions). Correlation coefficients

were significant, P < 0.05 for both regressions, with R =

0.31 and 0.63 in the 5 and 15C analyses, respectively.

Respiratory rate and enzyme activity in relation to

depth of occurrence

No significant decline in metabolic rate or enzyme ac-

tivity can be ascribed to minimum depth of occurrence

in pelagic medusae (Figs. 5 and 6). The slopes of these

regressions are not different from zero at the 95% signif-

icance level.

The slopes of the regressions describing the variation

in metabolic rates and enzyme activities with depth are

not statistically different from zero: however, they are sig-

nificantly different from those for other groups that show

significant declines in metabolic rates and enzyme activ-

ities with depth of occurrence. The pattern of change in

medusan oxygen consumption rate with depth is signifi-

cantly different from that observed for pelagic crustaceans

(ANCOVA, P < 0.02; Fig. 5). The variation in CS activ-

ities with depth of occurrence in medusae (both with and

without I '. adherens data) is significantly different from

the observed decrease in CS activity for pelagic fishes

(ANCOVA, P < 0.02; Fig. 6A). The variation in LDH
activities with depth in pelagic medusae is significantly

different from that observed for pelagic fishes (ANCOVA,
P < 0.004; Fig. 6B). Kendall's nonparametric test of rank

correlation failed to show any significant correlation of

mean medusan metabolic rate or enzyme activity with

minimum depth of occurrence.

Discussion

I'ariahilitv

Using an elaborate respirometer and a painstaking

method of chemical analysis to determine oxygen and

carbon dioxide content, Vernon (1895) was the first to

measure the oxygen consumption rates of medusae. He
observed considerable variability and, for the scyphozoan
Rhiiostoma pulmo, noted "distinct differences in the res-

piratory activity of different individual medusae" that

could not be explained by size effects. Other investigators

have also shown high variability in metabolic rate mea-

surements of gelatinous animals (e.g.. Biggs, 1977; Larson,

1 987b). One explanation may be that the nutritional status

of the organism is reflected in metabolic rate measure-

ments. Medusae undergo rapid periods of growth with

high food concentration; furthermore, they "degrow"

during periods of starvation and decrease in size to resem-

ble a miniature adult (Hamner and Jenssen, 1974). Arai

(1986) manipulated the nutritional status of the hydro-

zoan Aeqitorea victoria and observed higher metabolic

rates in animals that had been starved for 3 days. She

concluded that this was not due to behavioral changes
and was unable to explain her findings. Other investigators

have shown that nutritional status can be reflected in the

enzyme activities ofsome organisms within days to weeks

(Bamstedt, 1980; Clarke et a!.. 1992; Clarke and Walsh,

1993; Lowery et a/.. 1987; Roche-Mayzaud et ai. 1991).

It is unknown how quickly enzyme activities in medusae

are influenced by nutritional status.

Our investigation of enzymatic scaling in the demersal

jellyfish Polyorchispenicillatus used individuals that were

handled differently than other animals in this study, and

the results of these experiments are less variable than re-

sults for the other species investigated. These Polyorchis

had been kept in a planktonkreisel for up to 24 h with

high concentrations of food. Perhaps the more uniform

nutritional status of these individuals reduced the vari-

ability of their enzyme activity.
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l-'n:\inc activities <>J California medusae measured at 20C
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Figure 2. Citrate synthase activity as a function of wet weight for

California medusae. The slope of the regression line is r = 0.066.V" '";

R = 0.67. Symbols for medusae are given in Figure I. and also include

Polyorcliis penicillatus (D) and other scyphomedusae ().

This investigation included one species of "benthic"

medusa: I'allentinia adherens. In contrast to the pelagic

lifestyle of most medusae, I ". adherens lives attached to

kelp fronds and is exposed to much movement and water

turbulence as it maintains itself near shore. We interpret

the high CS activities in I '. adherens as an indication of

a metabolically robust animal that is adapted to life in

such a high-energy environment. Thus, we believe that

the interspecific variability ofenzyme activities in the me-

dusae investigated in this study indicates different phys-

iological adaptations to their environments. For example.

Pelagia colorata and Periphylla periphylla have LDH ac-

tivities in swimming muscle comparable to those of the
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Figure- 3. Lactate dehydrogenase activity as a function of wet weight

for California medusae. Symbols for medusae are given in Figures 1 and

2. The slope of the regression line is y = 0.027.v"; R = 0.08.

skeletal muscle of some of the deeper-living teleost fish,

and most likely are active swimmers. Some of the species

that have very low metabolic potentials are probably sit-

and-wait predators maintaining their position in the water

column with only periodic contractions of the swimming
bell. Laterally flattened, or disk-shaped, medusae have

lower CS activities than dorsoventrally elongated medu-

sae, indicating that more hydrodynamic forms have higher

metabolic potentials (for example, compare the more

streamlined Rhopalonematidae with the Halicreatidae in

Table II).

Enzymes

Some invertebrates use one or more amino acids as the

terminal acceptor in glycolysis (Hochachka and Somero,

Table III

AlhiHcinc \culing relationships ofen:ynitinc activities ofpelagic medusae from California

Enzymatic activity g
' wet weight (r) as a function of total body wet

weight (.1/1, y = aMh

Group
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Figure 6. (A) Citrate synthase activities of California medusae ()
as a function of minimum depth of occurrence (Table II) compared to

pelagic fish data (D) from the same region. The slope of the regression

line for medusan data is not significantly different from zero. The slope

of the regression line for the fish data is y = 10.355.V
56

; R = 0.77

(Childress and Somero, 1979; Wells and Childress, unpuh.). Results of

ANCOVA show that the regressions of the two groups are significantly

different from one another, P < 0.02. (B) Lactate dehydrogenase activities

of California medusae () as a function of minimum depth of occurrence

(Table II) compared to pelagic fish data (D) from the same region. The

slope of the regression line for medusan data is not significantly different

from zero. The slope of the regression line for the fish data is y =

1000.5.v~"; R = 0.84 (Childress and Somero, 1979). Results of AN-

COVA show that the regressions of the two groups are significantly dif-

ferent from one another, P < 0.0 1 .

1967). If they cannot supply their metabolic needs aero-

bically while in the oxygen minimum layer, they would

need an anaerobic energy source for survival.

Comparison of our previous results on CS activity and

oxygen consumption rate correlations in pelagic worms

(Thuesen and Childress, 1993a, b) and fishes (Childress

and Somero, 1979) with the present data on medusae

shows that medusae have lower rates of oxygen con-

sumption in relation to CS activities than do the other

groups. That is, medusae have more CS relative to their

oxygen consumption rates than do polychaetes, nemer-

teans, chaetognaths, and fishes. King and Packard (1975)

found that the ratio of ETS activity to oxygen consump-
tion was significantly higher in epipelagic hydrozoans than

in the "non-medusoid zooplankton" they studied. Fur-

thermore, the relation between oxygen consumption and

CS activity in the medusae in the present study was not

directly proportional, because increasing increments in

CS are correlated with proportionately much smaller in-

creases in oxygen consumption rates. The increase in CS

activity is directly proportional to the increase in oxygen

consumption rate in pelagic polychaetes and fishes

(Thuesen and Childress, 1993b; Childress and Somero,

1979). Our data also show the following relationship in

correlation coefficients: R (0.94) in pelagic polychaetes

and nemerteans > R (0.58) in chaetognaths > R (0.31)

in medusae. We propose that in animals such as medusae,

which lack mechanisms for transport of oxygen within

their bodies, the diffusion of oxygen may limit the effec-

tiveness of oxygen supply to mitochondria while the in-

herent properties of the mitochondria and associated en-

zymes may remain the same as in other groups. Therefore,

the mitochondria! aerobic metabolism realized in vivo

would be limited by the supply of oxygen in these animals.

The suggestion that the mitochondrial metabolism is lim-

ited by oxygen diffusion to the mitochondria is supported

by our preliminary findings that these medusae generally

show a dependent pattern of metabolism when exposed

to lower oxygen concentrations. In such a situation, the

synthesis of "excess" metabolic enzymes or mitochondria

may be an important mechanism to maximize the use of

the available oxygen.

The existence of oxygen-limited aerobic enzymes would

account for the high ratios ofCS or ETS activities to oxy-

gen consumption rates and also partially explain the low

correlation we found between medusan enzyme activities

and oxygen consumption rates. A similar situation may
exist in sea anemones (Snick. 1991). High-shore individ-

uals of the intertidal anemone Anthoplewa elegantissima

have higher cytochrome c
1 oxidase activities and greater

numbers of mitochondria than low-shore individuals;

however, the mass-specific oxygen consumption rates are

lower in the high-shore individuals. Therefore, although

enzyme activities measured at Fmax may correlate well

with oxygen consumption rates in animals such as crus-

taceans and fishes, which have evolved efficient oxygen

uptake and transport systems, this method is evidently

not a good one for predicting the metabolic rates of some

gelatinous organisms.

This interpretation of our results does not agree with

the physiological hypothesis of symmorphosis, which

states that the structural designs of organisms are quan-

titatively matched to functional demands (Weibel et al.,

1991). The symmorphosis hypothesis predicts that the

quantity and efficiency of aerobic enzymes should be
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matched with oxygen supply. Although enzyme activities

and oxygen supply may be in balance in mammals, which

have well-developed circulatory systems, oxygen diffusion

and enzyme activities may not be in balance in medusae,

which rely on direct diffusion from the environment to

supply mitochondria with oxygen, if mitochondria at the

periphery of diffusion distance are oxygen-limited.

Furthermore, different body tissues have different met-

abolic potentials and oxygen diffusion characteristics, and

the contribution of muscle, gonads, mesoglea, etc.. to

whole-organism respiration will be different, depending
on the proportion of these tissues in each individual. In

Aurelia aunta. different tissues can grow and degrow at

different rates depending on animal size and nutritional

state (Hamner and Jenssen, 1974). This implies that an-

imals of identical body mass could have different pro-

portions of metabolically active tissue, and could explain

some of the variation observed in weight-specific meta-

bolic relationships. For example, if mesoglea. a relatively

metabolically inactive tissue, degrows first (de Beer and

Huxley, 1924). the result would be an increase in mass-

specific oxygen consumption with starvation. This could

explain some of the variation observed in weight-specific

metabolic relationships, as well as the observations, dis-

cussed earlier, made by Arai (1986) on the effects of star-

vation on the hydrozoan Aequorea victoria.

Scaling

Previous observations on the intraspecific metabolic

scaling of gelatinous animals have found small or non-

significant effects of size on oxygen consumption rate (e.g..

Kremer el ai, 1986: Larson, 1987b; Vernon, 1895). We
have observed very little species-specific scaling, possibly

because of variation in nutritional condition and tissue

growth, as discussed above. However, it would appear

that medusae do exhibit an overall trend toward lower

specific metabolic rates in larger animals.

Our results also indicate that glycolytic potentials are

elevated in larger medusae. This could indicate an increase

in muscle mass relative to body mass or an increase in

LDH activity per gram of muscle tissue. One study on

the coastal scyphomedusa Stomolophus meleagris from

the Gulf of Mexico has shown that in this species, unlike

most other aquatic animals, transport costs do not con-

tinue to decline with size in larger animals, although they

do decline with increasing body mass in smaller specimens

(Larson, 1987a). This could result in larger medusae hav-

ing elevated LDH activities to maintain their swimming

performance. Another explanation may be that higher

LDH activities in larger medusae are a consequence of

greater oxygen diffusion distances, as discussed above for

CS activities. Some fish show positive scaling of glycolytic

enzymes, and this has been interpreted as an adaptation

for size-independent acceleration used during predator-

prey interactions (Childress and Somero, 1990; Somero

and Childress, 1980, 1990). We do not think that this is

the cause of the scaling pattern we observed, because me-

dusae are poor accelerators. Larson (1987a) found little

acceleration ability in S. meleagris and observed negative

scaling of pulsation rate (b = -0.12). He concluded that

medusae are cost-efficient swimmers because their pro-

portionally small amounts of metabolically active tissue

result in low energy usage. The general trends of negative

scaling of aerobic metabolism and positive scaling of gly-

colytic potential with size may be common physiological

phenomena in medusae.

Minimum depth oj occurrence

No significant change in metabolic rates or metabolic

potentials, as determined by enzymatic activities of the

medusae, can be attributed to depth of occurrence. These

results are in contrast to the patterns of metabolic rates

seen in fishes and crustaceans, and they support the visual

interactions hypothesis, because nonvisual animals would

not be expected to show a metabolic decline with depth

per se if the driving selective force behind the adaptation

was the light regime of the environment. These results,

along with the results of a previous study on chaetognaths

(Thuesen and Childress, 1993a), confirm the differences

between visually orienting and nonvisually orienting pe-

lagic animals in their patterns of metabolic rate with in-

creasing habitat depth.

According to the visual interactions hypothesis, reduced

reliance on vision decreases selection for locomotory abil-

ities; the locomotory ability of the bathypelagic mysid

Gnathophausia ingens has been shown to be reduced

compared to those of shallower-living crustaceans (Cowles

and Childress, 1988). We predict that a comparison of

morphologically similar medusae would not show lower

locomotory abilities in bathypelagic species; many deeper-

living species are in fact very robust. Investigations of

benthic organisms do not show depth-related metabolic

declines other than those that can be explained by the

effects of temperature and size (Childress et ai, 1990a;

Shirayama. 1992). These findings are in agreement with

the visual interactions hypothesis, because little change

in behavior with depth would be expected in animals that

use the bottom substrate for concealment.

The other hypothesis that has been proposed to ac-

count for the widely observed decline in metabolic rates

of pelagic animals the food limitation hypothesis

suggests that animals living in a relatively food-poor

environment have evolved lower metabolic rates as a

way of conserving energy (Childress. 1971; Smith and

Hessler, 1974). If food availability were a contributing

factor in the evolution of metabolic rates, one could
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expect that the animals in regions of low productivity

would have evolved lower metabolic rates than similar

animals in highly productive environments. Contrary

to this prediction, several studies have found pelagic

crustaceans living in regions of different food avail-

ability to have similar metabolic rates (see review in

Childress and Thuesen, 1992). Food limitation may be

less of a problem for deep-living medusae, because

potential prey organisms are so energy rich in compar-

ison to medusan predators (Thuesen and Childress,

unpub. data).

Another obvious variable with increasing depth is the

increase in hydrostatic pressure. In a separate study, we

tested the effects of pressure on the metabolic rates of

Aegina citrea, Crossota rufobmnnea, three species of

Chaetognatha, and a mesopelagic polychaete worm,

Poeobius meseres (Childress and Thuesen, 1993). We ob-

served no significant differences in metabolic rates mea-

sured at 1 atm and 101 atm (= 1000 m) in any of these

animals. Most previous studies have also found that the

metabolic rates of mesopelagic and bathypelagic organ-

isms show little change due to hydrostatic pressure when

measured within the range of their normal habitat pres-

sures (Belman, 1978; Quetin and Childress, 1976; Smith

and Teal, 1973; Teal and Carey, 1967; Torres and Chil-

dress, 1983).

The high values of Q 10 for oxygen consumption rate

that we measured could have been influenced by increased

activity at higher temperature. Although Mangum ct al.

(1972) observed similarly high Q,,, values of oxygen con-

sumption rates and bell pulsation rates for nonacclimated

polyps of Aurelia aurita and Chrysaora quinquecirrha,

they observed lower values ofQ [0 in medusae of Cyanea

capillata acclimated for 3 days at each temperature. Ver-

tically migrating medusae such Colobenema scricenm and

Periphyllaperiphylla (estimated Q H ,
values of4.8 and 2.6,

respectively, in our study) could be expected to experience

rapid changes in temperature on a regular basis, and our

Qio data indicate that they are not insensitive to such

temperature changes or that their activity is stimulated

by increased temperature. Therefore, the only physical

parameters expected to contribute to differences in the

metabolic rates of nonvisually orienting pelagic animals

are those due to differences in water temperatures and

oxygen concentrations.

Although deep-living gelatinous organisms are able to

exploit the energy resources of lipid-rich vertically mi-

grating crustaceans and have evolved life histories and

energy-use strategies in response, their metabolic rates re-

flect no obvious selective pressure related to depth of oc-

currence. The absence of a depth-related decline in me-

dusan metabolism means that the metabolic rates of deep-

sea medusae approach those of deep-sea fishes and crus-

taceans, and therefore, medusae play a more important

role than previously expected in the carbon flux of mes-

opelagic and bathypelagic environments.
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Abstract. In Crustacea, the dominant pattern of se-

quential hermaphroditism is protandry (sex change

from male to female). Here we provide the first evidence

from external morphology and population structure

that Gnorimosphaeroma oregonense, an abundant, sex-

ually dimorphic intertidal isopod, undergoes protogyn-

ous (female to male) sex change. In the field, 31% of

females had rudimentary penes, suggesting sex change,

and laboratory growth experiments confirmed that fe-

males produced one brood of juveniles, then passed

through a variable number of molts as immature males

before becoming sexually mature males. Contrary to

reports for other protogynous Crustacea, this study

suggests that in G. oregonense sex change is not socially

mediated, although it may be facultative, because a large

percentage of laboratory-reared juvenile isopods de-

veloped directly into males. Potential adaptive expla-

nations for protogyny are discussed in relation to pro-

tandry the more common strategy in Crustacea.

Introduction

Although sex change occurs in only a small percent-

age of species, protandry (change from male to female)

and protogyny (change from female to male) have been

documented in a diverse assemblage of plant and animal

taxa (Ghiselin, 1969; Policansky, 1982). However, ei-

ther protandry or protogyny tends to predominate

among closely related species. In the Crustacea, sex

Received 31 July 1993; accepted 31 May 1994.

* Author to whom correspondence should be addressed: Dr. R. W.

Davies. Department of Biological Sciences, University ofCalgary, Calgary,

Alberta. Canada T2N 1N4.

change is predominantly protandrous: 82% of the 60

sequentially hermaphroditic species listed in Table I

undergo sex change from male to female. Protandry

has been reported in the classes Cirripedia; Copepoda;
and within the Malacostraca in nine families of Deca-

poda, two families of Amphipoda, and four families of

Isopoda (Table I). Protogyny has been reported in five

tanaidacean and four isopod species (Table I); thus both

protandry and protogyny have likely developed inde-

pendently several times in the Crustacea. Protandry can

be advantageous when female fecundity increases with

age or size but male mating success remains indepen-

dent of size (Warner, 1975; Warner, 1988). Conversely,

protogyny may arise when small males are prevented

from mating with females by larger males, making it

advantageous to become male only when a competitive

larger size is reached (Warner, 1988).

The Isopoda is the only crustacean order in which both

protandrous and protogynous species occur (Table I), giv-

ing the opportunity to compare closely related species ex-

hibiting both forms of sequential hermaphroditism. In

marine isopods, protogynous sex change appears, based

on a limited number of species examined (Table I), to be

restricted to free-living forms (Legrand and Juchalt, 1963;

Burbanck and Burbanck, 1974; Buss and Iverson, 1981);

whereas protandry occurs primarily within the parasitic

suborders Epicarida and Flabellifera (Family Cymothoi-

dae; Brusca, 1981).

In this study we examine sex change in the free-living

marine isopod Gnorimosphaeroma oregonense Dana

1852, a common inhabitant of protected rocky inter-

tidal shores ranging from Alaska to northern California

(Hoestlandt, 1973). Although this species has been the

subject of numerous physiological (Riegel, 1959a,b;

99
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Table 1

Summary ofthe occurrence ofprotandrous and protogynous se.\ change within the Crustacea

Taxa 1 Reference

Type of sex change

Protandrv Protogyny

Class Malacostraca

Subclass Eucarida

O. Decapoda
S.O. Pleocyemata

I.O. Candea

Alpheidae

Athanas kominatoenis

Atyidae

Paralya curviroslris

Atya bisulcata

A. serrala

Caridina richlersi

Axiidae

Calocaris macandreae

Campylonotidae

Suzuki, 1970

Carpenter, 1978

Carpenter, 1978

Carpenter, 1978

Carpenter, 1978

Buchanan, 1963

X
X
X
X

Campylonotus ruihhitni
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Table I. (Continued)

Taxa 1

Reference

Type of sex change

Protandrv Protogyny

S.O. Flabellifera

Sphaeromatidae

Paraleptosphaeroma glvnni

Gnorimosphaeroma lulcum

G oregonense

Cymothoidae
Emetlm audouinii

Ani/ocra physodes

A.frontalis

Philoscia elongata

Nerocila califomica

S.O. Epicaridea

Hemioniscidae

Hemioniscus ba/ani

Liriopsidea

Linopsis pygmaea

Cryptoniscidae

Bopyndae
Munidion pleuroncodis

S.O. Oniscoidea

Oniscidea

Rhyscolus ortonedae

O. Amphipoda
S.O. Gammaridea

Lysianassidae

Acontiosloma manoms
A. luberculala

Stomaconlion pungapunga

Scolopostoma prionoplax

Ocosingo borlus

O. j'enwicki

Stegocephalidae

Stegocephalus inflatus

O. Tanaidacea

Heterotanais oerstedi

Hageria rapax

Leptochelia neapolitana

L dubia

L. forresli

Class Copepoda
O. Calanoida

Calanidae

Class Cirripedia

O. Ascothoracica

Synagoga sandersi

Gorgonolaitreus mniikae

Buss and Iverson. 1981

Brook (pers. obs.)

Brook el al (this paper)

Montalenti, 1941

Montalenti. 1941

Legrand and Juchault. 1970

Arcangeli. 1925

Brusca. 1978

Kozloff, 1987

Kozloff, 1987

Charniaux-Cotton. 1960

Markham, 1975

Jackson. 1928

Lowry and Stoddart, 1986

Lowry and Stoddart, 1986

Lowry and Stoddart, 1986

Lowry and Stoddart, 1986

Lowry and Stoddart, 1986

Lowry and Stoddart, 1986

Steele, 1967

Buckle-Ramirez, 1965

Modlinand Harris. 1989

Ishimaru, 1984

Highsmith, 1983

Stoner, 1986

Fleminger. 1985

Newman, 1974

Grygier, 1981

X
X
X
X
X

X
X

X
X
X
X
X
X

X
X

X
X
X

X
X
X
X
X

Taxonomy based on Kozloff ( 1987). O = order; S.O. = suborder, I.O. = infra-order.

Standing and Beatty, 1977), behavioral (Rees, 1975;

Rawlings. 1994), and morphological studies (Hoest-

landt, 1973. 1975), there are no records of its repro-

ductive biology or mating system. To examine sex

change in G. oregonense, we conducted a field census

to determine the age and sexual structure of a popula-

tion and whether social groupings occur. Mature fe-

males were raised in the laboratory to observe possible

sex changes following hatching of a brood, and juvenile

isopods were raised in the presence of adults of each

sex to explore the potential for social mediation of sex

determination.
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Materials and Methods

Field survey

In September 1992, the population structure of Gnor-

imosphaeroma oregonense was examined in a low inter-

tidal channel connecting the mainland to a small piece

of land isolated at high tide in Grappler Inlet (4849' N,
12507' W), Bamfield, British Columbia, Canada. The
substrata consisted of a dense covering of clam shells and
barnacle- and mussel-covered rocks overlying a fine, silty

mud (Rawlings, 1989). A transect was established parallel

to the shoreline at a tidal height of 1 .6 m above Canadian
chart datum, and 10 quadrats (625 cm 2

) were placed at

2-m intervals along the transect. All rocks and shells above
the mud layer (approximately 7 cm deep) were collected

from each quadrat, placed in plastic bags, and within 24 h
washed with fresh water and sieved and sorted for isopods.

The isopods were immediately fixed in 70% ethanol

and categorized to reproductive stage: juveniles (JUV),
with no apparent sexual structures; receptive females, with

small, nonfunctional oostegites and with (RFP) or without

(RF) penes; mature females, with marsupium of large

overlapping oostegites with or without embryos in the

marsupium and with (MFP) or without (MF) penes; im-

mature males (IM), with nonfunctional penes and lacking

appendix masculina and ciliary tufts on the third and
fourth pereopods; and mature males (MM), with func-

tional penes and having appendix masculina and ciliary

tufts upon the third and fourth pereopods. Individual body
length (from the anterior tip of the cephalon to the pos-

terior tip of the pleotelson) and, when present, penis length

(base to the tip of the longest penis) were measured.

Examination offield aggregations. Preliminary field

observations indicated that G. oregonense was often pres-
ent in small aggregations arbitrarily defined as a group of

more than five individuals within a 36-cm 2
quadrat, under

rocks and in barnacle tests. In November 1992, a quadrat
was placed over each of 10 aggregations; all the isopods
were removed and immediately fixed in 70% ethanol for

subsequent measurement and sexing in the laboratory.
I'uriation in female fecundity with body size. In No-

vember 1992, to examine the relationship between fecun-

dity and body size, several randomly selected quadrats
were collected (as in the field survey), brought to the lab-

oratory, washed, and sorted for G. oregonense. The first

50 mature ovigerous females were fixed in 70% ethanol,

measured (body length), and dissected to count brooded

embryos.

Laboratory experiments

Culture of receptive and mature females. To monitor

changes in external morphology before, during, and after

brooding, 20 receptive females in precopula with mature

males (guarded) and 20 mature females (not guarded) were

collected in July 1992. Each guarded female was checked
for the presence of small oostegites (i.e., confirmed to be

receptive) and thus represented the female morphology
prior to brooding. Mature females were more develop-

mentally advanced, with a functional marsupium con-

taining embryos at various stages of development. Re-

ceptive females (with accompanying males) and mature
females were cultured in mesh-paneled vials (35-ml vial,

2.5 cm in diameter, with a 4- X 5-cm window of 300-^m
Nytex screen). Five vials, containing either receptive fe-

males (and accompanying males) or mature females, were

randomly allocated to each of eight culture dishes (four

replicates per female type) containing 200 ml of filtered

(1 /urn) seawater and were incubated at 17C. Within a

vial, each isopod was supplied ad libitum with the inter-

tidal alga Viva fenestrata for food. Seawater was changed
at intervals of 3-4 days, at which time molts were collected

and preserved in 5% formalin. When exuviae were ob-

served, the body length of each isopod was measured, and

any changes in external morphology were noted.

Sex ratio ofdeveloping juveniles. In October 1992, two
simultaneous experiments were conducted to investigate

the effect of the presence of mature males and mature
females on the sexual development ofjuvenile G. orego-
nense. The effect of adult males was examined by adding
either 0, 1 , or 5 mature male isopods to a culture dish

(500-ml dish containing 250 ml seawater) with 10 devel-

oping juveniles (five replicate dishes/treatment) at 17C.
To ensure that juvenile isopods were reproductively im-

mature, only individuals with a body length of 3-4 mm
and no external evidence of reproductive structures were

used. The isopods were provided ad libitum Viva fenes-
trata and clean clam shells for substratum. Seawater was

changed every 3-4 days, at which time mortality was
noted and, if necessary, mature males were replaced. To
ensure that all surviving juveniles had the same length of

exposure time to adults, dead juveniles were not replaced.

To examine the effect of mature females on the repro-

ductive development of juveniles, the same procedures
were followed, but the density of female rather than male

G. oregonense was manipulated.

Scanning electron microscopy

To observe and compare reproductive structures of

male and female G. oregonense, individuals were fixed

for scanning electron microscopy. Specimens were

anesthetized (in three parts seawater to one part car-

bonated water) and refrigerated at 4C for 1 h. When
relaxed, they were fixed in 2.5% glutaraldehyde for 2 h,

washed for 30 min in distilled water, and postfixed in

1% osmium tetroxide for 1 h. After fixation, the spec-
imens were dehydrated for 30 min at each dilution in
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an ethanol series (30%, 50%, 70%, 95%, and 100%

ethanol in distilled water), critical-point dried in carbon

dioxide (31C, 1 100 psi), sputter coated with gold for

10 min, and photographed using a Jeol JSM-35 scan-

ning electron microscope.

Results

Field survey

Examination offield aggregations. Gnorimosphaeroma

oregonense was patchily distributed among the shell debris

and barnacle- and mussel-covered rocks in Grappler Inlet.

In September 1992, densities varied from 80 to 13,136

individuals per square meter. Because two of the ten sam-

ples were extremely large (
= 642 and 82 1 ), eight samples

were fully analyzed for population structure and the two

large samples were subsampled by randomly mixing the

isopods in 1 1 of water and removing a fraction of the

volume from the agitated solution (Wrona et a!.. 1982).

Ofthe 329 individuals examined, 78% were juveniles, 15%

females (mature and receptive), and 7% males (Fig. 1).

The operational sex ratio (mature males to receptive fe-

males) was 1:1.

Marked sexual dimorphism was evident among male

and female G. oregonense (Fig. 1 ; Table II). Mean body

length differed significantly among females and males

(ANOVA; F = 307.94, P < 0.0001). Receptive females

(RFP and RF) were significantly smaller than mature

females, and mature females with penes (MFP) were

not different in body length from mature females with-

out penes (MF) (Table II). There was very little overlap

in size range between mature females and mature males

(Fig. 1).

Penes were present on all males, on 30% of mature

females (n
= 80), and on 11% of receptive females (n

= 38) sampled in September 1992. All mature females (n

= 40) collected in November 1992 had small penes. No

other differences in body morphology were evident.

Penis length was related to sex and reproductive ma-

turity. Mature females (n
= 35) had penes that were sig-

nificantly smaller (0.07 0.005 mm) than penes of im-

mature males (n
= 16; 0.12 0.015 mm) and mature

males (n
= 48; 0.45 0.009 mm) (Kruskal-Wallis: H

= 75.17, P < 0.001) (Figs. 2 and 3). Penis morphology

also differed among reproductive stages. The penes of

mature males were not only longer, but also had a pore

or sphincter on the distal tip (Fig. 4) that was not present

on penes of immature males or receptive and mature fe-

males.

Field aggregations of G. oregonense varied in number

from 6 to 36 individuals and consisted primarily of ju-

veniles and immature males (Fig. 5 A). The presence of

receptive and mature females was strongly correlated (P

< 0.001) with the presence of mature males (Fig. 5B; Y

= 3.088A" + 0.265, r
2 = 0.757, n = 10, where 7 is the

30 -

20 -

10 -

en
Q
O
O.
O

b-H

O
K
fa]

m

246
BODY LENGTH (mm)

Figure 1. Size-frequency histogram of the body lengths of Gnori-

mosphaeroma oregonense collected from Grappler Inlet, September 1992.

The population is classified into seven reproductive categories based on

external morphology: juveniles (JUV) no obvious sexual features; re-

ceptive females small oostegites, no penes (RF) or with penes (RFP);

mature females (MF) large overlapping oostegites, no penes; mature

females (MFP) with penes; immature males (IM) with penes, no oos-

tegites; and mature males (MM) penes, ciliary tufts on the third and

fourth pereopods. and paired appendix masculina.

number of mature males, and .Vis the number of receptive

and mature females), suggesting that males and females

were aggregating socially.

Variation in female fecundity with body size. Brood

size in mature females varied from 1 3 to 42 and was as-

sociated with differences in female body size. Embryo

number was positively correlated with female body length

(Fig. 6; >" = 17.69A'- 66.90, r
2 = 0.67, n = 49; where >'

is the number of embryos, and A' is the body length in

millimeters).

Laboratory experiments (see below) showed no evi-

dence of repeat brooding, indicating that G. oregonense

broods only one clutch of embryos. Field collections pro-

vide corroborative evidence for a single brood, because

there was no evidence of a bimodal frequency distribution

of receptive or mature females suggestive of repeat brood-

ing (Fig. 1).

Laboratory experiments

Culture ofreceptivefemales. Of the 20 females, 19 were

securely guarded by mature males and had small ooste-
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Table II

Differences in mean (slandard deviation) body length (mm)

among reproductive stages o/'Gnonmosphaeroma oregonense

collectedfrom Grapper Inlet, September 1992

Sex/Stage
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Figure 3. Scanning electron micrographs illustrating the development of penes on mature female (A,

B), immature male (C. D), and mature male (E. F) Gnorimosphaeroma oregonense. For each reproductive

stage, a low-magnification (A, C. E; scale bar = 0.30 mm) and high-magnification view (B, D, F; scale bar

= 0.06 mm) of the paired penes are shown. Large oostegites and developing penes are shown in the mature

female (A). O, oostegite arising from the 4th pereopod; P7. 7th pereopod: PS7. 7th pereonal segment
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Figure 4. Scanning electron micrograph of the paired penes, with

openings of the duct at the distal ends, of a mature male Gnorimo-

sphaeroma oregonense (scale bar = 0.06 mm).

in the immature form after three molts. In the September

1992 field census, a few smaller males were present, similar

in size to the one-molt mature males, suggesting that molt

number varies in the field as well as in the laboratory.

This variability was not associated with female size at

brooding or with the precocial development of penes.

Sex ratio ofdeveloping juveniles. The sex ratio of devel-

oping juveniles was unaffected by the presence of mature

male and mature female G. oregonense (Fig. 10). Due to

the high mortality (50-51%) ofjuveniles over the course of

the 52-day culture period in both experiments, replicates

within a treatment were pooled for statistical analysis. The

presence ofadult males (A' .os.4

2 -
1 -207, P > 0.80) or brood-

ing females (A" .o5,4

2 == 1.590, P > 0.80) had no significant

effect on the sexual development of juveniles.

The results of these experiments showed that not all G.

oregonense are protogynous. Although a large percentage

of individuals could not be sexed at the end of the culture

period, 63.3 3.7% (n =
1 26) ofjuveniles developed into

immature males, with penes and no oostegites. In contrast,

only 8.2 3.4%. (;;
= 16) developed into receptive females.

The remaining juveniles (n = 57) had not matured to a

stage exhibiting external reproductive structures before

the experiment was terminated. Immature males that were

isolated and maintained in plastic vials after the end of

the experiment continued to develop to the mature male

form, and none became females.

Discussion

The results of this study provide direct evidence of pro-

togynous sex change within the isopod Gnorimosphae-

roma oregonense. Field surveys showed sexual size di-

JUV RF MF IM MM

STAGE

B

# MATURE MALES

Figure 5. Number of individuals present in aggregations of Gnorimosphaeroma oregonense sampled

from beneath rocks in Grappler Inlet. November 1992. (A) Mean number of isopods (+ standard deviation)

of each stage in aggregations (n =
10); (B) relationship between the number of receptive and mature females

(RF, RFP, MF, and MFP inclusive) and the number of mature males (MM) in aggregations ( Y = 3.088A'

+ 0.265; r
2 = 0.75, H =

10).
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Figure 6. Fecundity of Gnorimosphaeroma oregonense collected from

Grappler Inlet. November 1992 (Y = 17.69.V - 66.90. r
2 = 0.67.

= 49). Females earn ing embryos at all stages ofdevelopment are included.

morphism, with males larger than females, and the pres-

ence of male and female characteristics within individual

G. oregonense. Laboratory experiments showed that, fol-

lowing brood release, females either molt directly into

mature males or pass through an immature male phase

to become mature males, corroborating that G. oregonense

is protogynous.

Selection favoring protogyny

Although a number of other crustaceans are reported

to be protogynous (Table I), little is known about the re-

productive biology and life-history characteristics asso-

ciated with protogyny in this group. The isopod Cyanthura

carinata and the tanaid Hargeria rapax are the only pro-

togynous species in which the reproductive cycle and

population dynamics have been thoroughly examined

(Bamber, 1985; Modlin and Harris, 1989; Kneib, 1992).

Within the tanaidaceans. protogyny appears to be asso-

ciated with three life-history features: ( 1 ) low mobility of

females, (2) low abundance of males due to high mortality,

and (3) intense competition among males for access to

females (Highsmith, 1983). Ghiselin (1969) proposed that

sequential hermaphroditism will be favored by selection

when the relative reproductive success of a male or female

differs with size or age. Based on Ghiselin's size advantage

model (1969), protogyny should be favored in species in

which male reproductive success is dependent on large

body size, increased experience, or female mate choice

(Warner, 1975; Warner, 1988).

Precopulatory mate guarding in G. oregonense may be

a primary selective force favoring protogyny. In many

isopod species, males actively guard females in a precop-

ulatory embrace (Wilson, 1991). Sexual dimorphism and

precopula have been associated with protogyny in G. or-

egonense. G. lii/enni (Brook, personal observation),

Cyanthura carinata (Bamber, 1985), and Paralepto-

sphaeroma glynni (Buss and Iverson, 1981). Active pre-

copula has also been reported in gonochoristic species

such as,Asellus aquaticiis (Manning, 1975, 1980), A. ine-

ridianm (Steel, 1961), Jaera italica and J. nordmanni

(Veuille, 1980). Larger males may guard females or a re-

source more effectively or be able to remove a female

from a smaller competitor, giving a higher reproductive

success to larger males than to smaller ones (Ridley and

Thompson, 1979; Ridley, 1983; Warner. 1988). Although

the G. oregonense population sampled had more mature

males than receptive females (Table II), all receptive fe-
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Figure 8. Changes in the external morphology of mature female

Gnorimosphaeroma oregnnenxe that survived 200 days in the laboratory

or that molted to the terminal mature male stage. (A) Percentage of

isopods (n =
14) at each reproductive stage; (B) mean body length (SE)

of these individuals, for each observation interval.

males are not necessarily nearing the reproductive molt.

The operational sex ratio may thus be skewed towards

males, further increasing male-male competition for fe-

males that are nearing the reproductive molt, as well as

selection for larger male size.

Active precopulatory guarding has not been observed

in protandrous isopods. Precopulatory behavior may in-

volve the passive attachment of the dwarf male onto the

larger female, as seen in the parasitic epicarids (Wilson,

1991). There is no evidence, however, that this excludes

other males from mating with females in these species. In

the protandrous hippolytid shrimp Thor manning! (Bauer.

1986), available evidence suggests that male reproductive

success may be independent of size. Although larger males

are more frequently paired with females in the partially

protandrous shrimp Athanas kominatoensis (Nakashima.

1987), some small males do successfully mate with fe-

males. Female fecundity increases with body size, and

thus a small male will increase its reproductive output.

In both protandrous and protogynous crustaceans, female

fecundity is usually positively correlated with body size

(Charnov, 1979; Bauer, 1986; Nakashima, 1987; Bamber,

1985; Buss and Iverson. 1981: Kneib, 1992; this study).

It appears, therefore, that the advantage gained by larger

males in the protogynous crustacean mating system over-

rides the selective force of increased female fecundity with

increased female body size.

Socially ami environmentally mediated protogynous

sex change

Protogynous sex change has been suggested to be so-

cially mediated in the tanaids Leptochelia dubia, Har-

geria rapax. and Heterotanais oerstedi and in the isopod

Paraleptosphaeroma g/ynni (Highsmith, 1983; Modlin

and Harris, 1989; Buckle-Ramirez, 1965. as cited in

Gardiner. 1975; Buss and Iverson, 1981). In all these

studies, protogynous sex change occurred (though not

exclusively) when adult males were absent (Modlin and

Harris, 1989). In our study, the presence of adult male

and female G. oregonense had no significant effect on

the sexual development of juveniles. Also, laboratory-

cultured females changed sex to either the immature or

mature male form, regardless of whether mature males

were present. The absence of socially mediated sex

change is less surprising if, as suspected, female G. or-
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Figure 9. Number of molts required by mature female (inoriimi-

sphacrnnui orcxoiiciixc to develop into mature males over 2 10 days in

the laboratory. Solid bars refer to isopods that molted to the mature

male (MM) condition over this time period. Hollow bars refer to indi-

viduals that underwent a variable number of molts as immature males

(IM), hut had not molted to the mature male form by the end of the

experiment.
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Figure 10. Percentage ofjuvenile isopods that developed into males
or females or remained as juvenile Gnorimosphaeroma oregonense. after

exposure to three different densities of (A) mature females (MF) (0, 1.

or 5 females) or (B) mature males (MM) (0. 1, or 5 males) for 52 days.

IM = immature males. RF =
receptive females, JUV =

juveniles.

egonense brood only one clutch of embryos. In that

case, reproductive success could be increased only if a

female changed sex to a male and contributed to the

gene pool as both female and male. Because males may
be able to inseminate multiple females in the time re-

quired for a female to brood a single clutch, sequential

hermaphroditism is clearly potentially advantageous.
Unlike other protogynous isopod species, G. oregonense

exhibited plasticity in the number of molts required for

a female to undergo sex change. Buss and Iverson ( 198 1 )

reported that the isopod Paraleptosphaeroma glynni could

molt from a mature female to a mature male in one molt.

The plasticity in G. oregonense may be adaptive allowing
an individual to optimize the timing of maturity, perhaps

in response to the presence or absence of other adult males.

Additionally, mature males are in their terminal molt and

have a short life expectancy; therefore, plasticity of de-

velopment may provide a means to optimize reproductive

success. In the protandrous shrimp Pandalusjordani, in-

dividuals alter the age at which they change sex in response
to year-to-year variations in population structure (Char-

nov. 1978).

Not all G. oregonense juveniles are protogynous: only
a small percentage of juveniles developed into females

in the laboratory. As in other protogynous crustaceans,

some individuals first develop to breeding females and
later change to reproducing males (termed secondary
males); whereas others (termed primary males) remain
as males, lacking any female characters, throughout
their lives (Highsmith, 1983; Bamber, 1985; Stoner,

1986; this study). It appears that Paraleptosphaeroma

glynni may be completely protogynous, because no
small males were found in the field population (Buss
and Iverson, 1981). In some species of protandrous car-

idean shrimp, all individuals undergo sex change. Other

species show varying degrees of sex change, with some
individuals changing sex and others remaining strictly

female (primary females) throughout their lives (Bauer,

1986). The selective advantages associated with the dif-

ference between primary and secondary males or fe-

males have not been determined.

Although the sex of juveniles could possibly be de-

termined very early in development, it is more likely

to be controlled by environmental factors such as tem-

perature or photoperiod or perhaps by the presence of

immature males rather than adult females or males.

Seasonal patterns in the occurrence of protogyny have

been documented in the isopod Cyanthitra carinata

(Legrand and Juchault, 1963) and in the tanaid Het-

erotanais oerstedi (Buckle-Ramirez, 1965, as cited in

Gardiner, 1975). The influence of environmental (epi-

genetic) factors such as temperature, photoperiod, and

parasitism on the sex determination of Crustacea has

been observed in isopods, amphipods, and copepods

(Ginsberger-Vogel and Charniaux-Cotton, 1982; Ju-

chault and Mocquard, 1989). Sex change has also been

experimentally induced by androgenic gland grafting
and removal in some malacostracans that are not her-

maphroditic in nature (Charniaux-Cotton. 1975).

Although life-history theory predicts that protandry or

protogyny should occur in many crustaceans (e.g., many
amphipods are sexually dimorphic and exhibit precopu-

latory guarding behavior; Ridley, 1983), protogynous sex

change has not been reported. Perhaps the incurred costs

of sex change in these and other gonochoristic crustacean

species outweigh the benefits associated with increased

reproductive output.
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Abstract. The apodid sea cucumber Leptosynapta clarki

exhibits the three commonly associated traits of small

adult size (max. length 1 13 mm), brooding (intraovarian
=

viviparity), and hermaphroditism (protandric). Juvenile

L. clarki are released from the ovary at a length of 1-

2 mm in the early spring (April-May) and are reproduc-

tively active as males in the reproductive season (Novem-

ber) following their birth. In their second year, some in-

dividuals continue to reproduce as males, but others un-

dergo protandric sex change to reproduce as females.

Analysis of the relationship between size and sex revealed

a "critical" size for sex change at a weight of 200-400 mg
with a 1:1 sex ratio above 500 mg total weight. Transi-

tional gonads with previtellogenic oocytes and mature

spermatozoa were observed, suggesting that sex change is

initiated prior to reproducing in the current reproductive

season. A test of the allometric hypothesis on the asso-

ciation between small size and brooding found no evi-

dence for scaling constraints on brood size in L. clarki.

These allometric constraints may be avoided because of

potentially low fertilization success and brooding within

a distensible structure. The sequential hermaphroditism
in L. clarki may additionally be a method to reduce in-

breeding in a species with limited dispersal.

Introduction

Two characters of the adult have been associated with

brooding in marine invertebrates: small size and the ten-

dency towards hermaphroditism. Several hypotheses have

been proposed to explain the association of small adult

size with brooding. The energetic hypothesis of Chia

Received 4 January 1994; accepted 25 May 1994.

Present address: Dept. of Biological Sciences, Simon Fraser University,

Burnabv, B.C., Canada V5A 1S6.

( 1974) suggested that the trend for lecithotrophy, brood-

ing, or viviparity in small animals resulted from the lower

energetic reserves for gamete production. Strathmann and

Strathmann (1982) described three categories of hy-

potheses on the association of small adult size and brood-

ing related to (1) dispersal, (2) adult longevity and re-

cruitment, and (3) the allometry of structures associated

with gamete production and brood care. These hypotheses

are not mutually exclusive and no single one is entirely

satisfactory (Strathmann and Strathmann, 1982). How-

ever, of these four hypotheses, the allometry hypothesis

has received the most attention, primarily because it can

be tested within a single species.

The allometry hypothesis predicts that brooding will

not occur in large species, because of spatial limitations

on brood size with increasing animal size (Heath, 1977;

Strathmann and Strathmann, 1982). In numerical terms,

fecundity is likely to increase with the cube of length, but

the space for brooding may increase with a lower scaling

constant, resulting in insufficient space for brooding the

embryos. Although originally proposed for an external

brooder (Strathmann and Strathmann, 1982), the allo-

metry hypothesis has been tested by comparing the rela-

tionship between animal size, egg number, and number

of brooded embryos in several marine invertebrates (Daly,

1972; Rutherford, 1973; Menge, 1974; Ockelmann and

Muus, 1978;Rumrill, 1982; Strathmann et a/.. 1984; Ka-

bat, 1985; Gremare and Olive, 1986; McGrath and

OFoighil. 1986; Russell and Huelsenbeck, 1989; Byrne,

1991; Brey and Hain, 1992; Hines, 1992; Hess, 1993).

Hermaphroditism, in which both male and female ga-

metes are produced by a single individual in its lifetime,

is common in marine invertebrates and is often associated

with brooding (Ghiselin, 1969, 1974; but see Heller, 1993,

for arguments against this association in gastropods).

Ghiselin (1969, 1974) proposed three models fortheevo-
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Table I

Patterns ofsex change anil reproductive characters in the phylum Echinodermata

Species Sex change Brood 1

Evidence for sex change
2 Reference

Class Asteroidea
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sequences of that sex change, and examines the hypotheses

for the association between small adult size and brooding

in marine invertebrates.

Materials and Methods

Collections and size measurements

Specimens of Leptosynapta clarki were collected at two

sites in Grappler Inlet, Bamfield. British Columbia (Site

1:4849'57"N, 12506'45" W; Site 2: 4850'N, 12506'36"

W). Site 1 is located on the northern side of Barge Bay
and has a short intertidal area (ca. 20 m) and a high pro-

portion of gravel in the substrate. Site 2 is a gentler sloping

mudflat (intertidal area ca. 60 m) at the opposite end of

the channel separating "No-name" Island from Vancou-

ver Island proper (see Sewell and Chia, 1 994, Fig. 1 ). This

site has a finer sediment composition with little gravel

and contains L. clarki of a larger size than Site 1 (mean
total weight SD: Site 1: 307.8 153.99 mg, N = 720:

Site 2: 490.4 268.80 mg, N = 660; Sewell and Chia,

1994). Both sites have extensive Zostera beds in the lower

intertidal that extend into the shallow subtidal.

The sea cucumbers were collected on the mid-intertidal

mudflats, either by using cores or by sweeping away the

upper 5 cm of sediment to reveal the animals in their

burrows; put in buckets with the surrounding mud; and

transported to the laboratory. Adults were removed from

the sediment with a 2- or 0.85-mm sieve. The remaining

fraction was then sieved through a 0.25-mm sieve to re-

move juveniles. Sea cucumbers were kept in seawater until

length and weight were determined.

Animals to be measured were placed in a 90-mm petri

dish containing 2.5% MgCl: in seawater (w/v). Length

was measured, in millimeters, from the anterior end of

the calcareous ring to the posterior. Sea cucumbers less

than 20 mm were measured on a dissecting microscope

equipped with an eyepiece graticule calibrated against a

stage micrometer. Larger sea cucumbers were gently held

straight with tweezers and length was measured to the

nearest millimeter with reference to a small plastic ruler

under the petri dish. After measurement of length, the

sea cucumber was placed on a tissue to remove external

water and then weighed on a fine-scale balance to deter-

mine its total weight (TW) in milligrams.

Size-sex relationship

The relationship between size and sex in L. clarki was

determined in July 1991 when the gonads were well de-

veloped (Sewell and Chia. 1994). After a specimen was

weighed, its sex was determined by examining the color

of the gonads through the semitransparent body wall. In

July, females had yellow ovaries with large eggs (ca.

200 nm) and males had white testes (Sewell and Chia,

1994). Juvenile sea cucumbers or those with small gonads

were dissected to verify sex identification.

The relationship between sea cucumber size and sex

was determined by calculating the percentage of females

in each weight or length class. For weights less than 800 mg
the data were divided into 50-mg size classes. Few sea

cucumbers were found above 800 mg, so the size class

was increased to 100 mg. The final category was sea cu-

cumbers with weights > 1300 mg. Sea cucumbers in this

category ranged from 1412 to 1684 mg (TV
=

4), so are

plotted as a single point at 1500 mg. Sea cucumber length

was divided into 5-mm size classes until 100mm; the

three sea cucumbers with greater length (104, 108,

1 13 mm) are plotted as a single point at 1 10 mm. The

total number of sea cucumbers sampled was 693 (454

males, 239 females).

The breeding sex ratio was determined from haphazard

cores used in following the recruitment of L. clarki on

the intertidal mudflats at Site 1 (Sewell, 1993a). Ten hap-

hazardly thrown cores were taken on the mid-intertidal

in Barge Bay (Sewell, 1993a), the animals removed by

sieving, and the size and sex of each sea cucumber deter-

mined in four samples during the winter of 1990-1991

and the summer of 1991.

Gonadal changes

Sea cucumbers sampled during regular gonad index

dissections in January and February 1990 and 1991 (Sew-

ell and Chia, 1994) were used to determine the size of

animals with transitional gonads (that is, animals in the

process of changing from male to female). Sea cucumbers

were collected from Sites 1 and 2 (Total N = 240) and

weighed and dissected as described in Sewell and Chia

(1994). The gonad in L. clarki consists of two separate

tubules that join through the dorsal mesentery to a single

gonoduct (Sewell and Chia, 1994). Both gonad tubules

were dissected, placed on a glass slide (38 X 75 mm) with

a small amount of seawater, and temporarily mounted

with a coverslip (35 X 50 X 0.02 mm). The weight of the

coverslip revealed details of the gonad, such as the pres-

ence of oocytes, without the need for histology. Of the

240 sea cucumbers dissected, 87 were females brooding

pentactulae or undergoing resorption. Of the remaining

153 sea cucumbers, 75 had transitional gonads; these were

divided into 50-mg size classes for analysis.

Histological descriptions of protandric sex change were

obtained during a detailed study of reproduction in L.

clarki (Sewell and Chia, 1994). Gonads were preserved in

Bourn's fixative, stored in 70% ethanol, and embedded in

Paraplast. Sections were cut at 7 ^m, stained in hema-

toxylin and eosin, and photographed on a Zeiss photo-

microscope.
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A Hornetry of reproduction

The relationship between the size of the female and the

number of unfertilized eggs was determined in late Oc-

tober 1989 and 1990 prior to the spawning period in No-

vember and December (Everingham, 1961; McEuen,

1986; Sewell and Chia, 1994). Sea cucumbers were col-

lected from Sites 1 and 2 and sieved from the sediment

as described above. After total weight (TW) was measured,

a longitudinal incision was made from the base of the

calcareous ring to the posterior, the coelomic water was

drained from the body cavity, and the animal was re-

weighed to obtain its drained weight (DW) in milligrams.

The gonad was dissected and temporarily mounted under

a coverslip. Counts were made of the total number of

mature eggs per gonad (N = 2 tubules) in 20 females at

two sites in each year (Total N = 80 females).

The relationship between the size of the female and the

number of fertilized eggs/embryos was examined in sea

cucumbers in late November and early December 1989

and mid-November 1990. This was during the spawning

period of L. clarki at Bamfield (Sewell and Chia, 1994)

but before degeneration of unfertilized eggs or significant

pentactulae mortality (Sewell, 1993a). Counts were made

of the number of unfertilized eggs, early stage embryos,

or pentactulae in each gonad for 50 females. The allo-

metric relationship between female size and number of

pentactulae was determined for those females that had

early embryos or pentactulae present (N =
28).

The allometric relationship between size and number

of eggs or pentactulae was tested using a Model II re-

duced major axis (RMA) regression. Ordinary least

squares (OLS) regressions were calculated using Micro-

soft Excel Version 3.0. Because of the considerable error

in measuring size in sea cucumbers (Sewell, 1990), OLS

regression will underestimate the value of the slope (see

McArdle, 1988; LaBarbera, 1989), and may suggest that

scaling constraints exist when there are none (Hess,

1993). RMA regressions were performed on raw and

natural log (loge ) transformed data. Standard error (s
2
)

and asymmetric confidence intervals were attached to

the slope of the RMA regression using the formulas in

McArdle (1988).

If there are no constraints on brood size, the number

of embryos brooded is assumed to scale with body size in

the same way as the fecundity of broadcast spawning an-

imals; i.e.. linearly with body weight or the cube of length

(Strathmann and Strathmann, 1982). To test whether

brood size was limited by scaling constraints, the slope of

the RMA line was thus compared to the slope predicted

by isometry (^
=

1 for the relationship between log. body

weight and log,, number of pentactulae) using a Student's

t test (Clarke, 1980; McArdle, 1988). A slope less than 1

in this relationship would indicate scaling constraints on

brood size in larger sea cucumbers.

Results

Si:e-se.\ relationship

Leptosynapta clarki is a protandric hermaphrodite

in which sex change occurs over a broad range of size

(Fig. 1 ). Sea cucumbers in the smallest weight class (0-

50 mg) are juveniles of the year (Sewell, 1993a) and are

all male (Fig. 1 A). The smallest females found weighed

77, 120, and 150 mg(21, 36, 30 mm in length, respec-

tively; Fig. 1).

Sex change did not occur in a distinct weight class (Fig.

1A). Few females were found until 200-250 mg total

weight (Fig. 1 A). Between 200 and 400 mg there was an

increasing percentage of females in each size class. This

percentage stabilized at about 50%, at weights above

500 mg (Fig. 1A).

A similar increase in percent females was seen with

increased sea cucumber length (Fig. 1 B). No females were

found until the 20-25 mm size class. The percentage of

females increased between 25 and 45 mm, plateauing at

50%, above a length of about 50 mm (Fig. IB).
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Figure 1. Leptasvnapla darki. Percent female sea cucumbers from

Grappler Inlet, Bamfield. in size classes of (A) total weight (mg) and (B)

length (mm). Point is plotted at upper limit of size class except for final

category shown with (x); see details in text.
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The presence of large numbers of small, but sexually

active, males in the population strongly biases the sex

ratio in L. clarki (Table II). In all samples the sex ratio

was above 70% male, with a maximum of 88.5% male in

August (Table II).

Gonadal changes

Most sea cucumbers with transitional gonads in January

or February were in the 200-400 mg size range (Fig. 2).

Sex change was, however, observed in some very large

specimens (Fig. 2). The largest sea cucumber found with

a transitional gonad weighed 855 mg (TW).

After spawning, the testes became thin and yellow, and

shrank in length towards the gonad basis (Sewell and Chia,

1994). In protandric males, new oocytes were observed

in fresh gonad tubules at the basal end adjacent to the

gonad basis (Fig. 3 A). Unspawned sperm were often pres-

ent in the tubules with the new oocytes (Fig. 3B) and were

active when exposed to seawater.

Histological examination of male gonads revealed that

oocytes were present along the tubule wall in some mature

testes (Fig. 3C). The testis lumen was packed with mature

spermatozoa, whereas previtellogenic oocytes 10 to 20 /jm

in diameter were found along the tubule wall (Fig. 3C).

After the spermatozoa were spawned, the oocytes contin-

ued to grow while the remnant spermatozoa were resorbed

(Fig. 3D). Sex change must, therefore, be initiated prior

to spawning in the current reproductive season.

Allometry ofreproduction

Using raw and logc-transformed variables, reduced ma-

jor axis (RMA) regressions were calculated between female

size and number of eggs or pentactulae (Table III). In the

period before spawning, female sea cucumbers show a

positive significant relationship between weight (TW or

DW) and egg number (Fig. 4, Table III). Regressions using

natural log transformations of these variables are also sig-

nificant, although there is a slight reduction of the r in

both cases (Table III). The allometric exponent of the

loge-transformed egg number/drained weight relationship

Table II

.W.Y ratio <>/ Leptosynapta clarki til Site I
. (irupi'/er Intel

Date
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Figure 3. Leplosynapta c/arki. Photomicrographs of transitional gonads. (A) Small resorbing testis in

process of sex change. Almost the entire gonad is shown. Note the swollen gonad basis (gb) with madreporite

(m), and small oocytes (o) in the tubules. Bar = 500 ^m. (B) Transitional testis. Tubule contains numerous

oocytes and remnant packets of sperm (arrow). Some sperm have broken from tubule onto base of slide.

Bar = 200 ^m. (C) Histological section of mature testis with spermatozoa (sz) in the lumen and early oocytes

forming along the tubule wall. Section stained with hematoxylin/eosin. Bar = 25 ^m. (D) Histological

section of postspawned testis in transitional stage. Some remnant spermatozoa are seen in the lumen. Oocytes

are present along the tubule wall. Bar = 50 nm.

Discussion

Protandry in Leptosynapta clarki

The histological and population information pre-

sented here confirms that Leptosynapta clarki is a pro-

tandric hermaphrodite and provides the first direct ev-

idence of sex change within the class Holothuroidea.

Two other holothurians in the order Apodida have been

suggested to be protandric, though the evidence in both

cases is somewhat circumstantial. Leptosynapta in-

haerens was believed to be protandric because only 4

of 80 spawning specimens shed eggs (Runnstrom, 1927;

cited in Hyman, 1955), and the lack of males in a sam-

pled population of Labidopla\ media led Gotto and

Gotto (1972) to suggest that only very small and young
specimens produce sperm.

There are few reports ofsex change in the five remaining
holothurian orders. Despite some anecdotal reports of

protandry among dendrochirote holothurians (Smiley et

a!.. 1991), protandry has not been clearly demonstrated

in any species. In aspidochirote holothurians, protandry
is suggested in Holothuria atra on the basis of a change
in the sex ratio with increased size (Harriott, 1982). How-

ever, sex change in H. atra is difficult to demonstrate be-

cause the species also reproduces asexually by binary fis-

sion and because the gonads regress after each spawning,

making determination of the previous sex impossible

(Harriott, 1982).

Sex allocation theory predicts that sex change should

be an "all-or-nothing" response, with the animal or plant

producing gametes of one sex until it is more profitable

to produce gametes of the other sex, and then switching

entirely to the latter (Charnov, 1982). Research on marine

invertebrates has, however, shown a number of species

that do not display an all-or-nothing response but have a

1:1 sex ratio above a certain size (Patella argenvillei

Branch, 1981; Luttia giganteaWrighl, 1989; Patella

kermadecensis Creese et al.. 1990; present study), or a

wide size range or time over which sex change occurs

(Fromia ghardaqana Achituv and Delavault, 1972;

Crepidula fornicata Hoagland, 1978; Ophionereis oli-

vacea Byrne, 1991; Coralliophila violacea Soong and

Chen, 1991; Puiiriellci c.\ixua Byrne, 1992). The debate

continues as to whether this is the result of a genetically

programmed sex change, an environmental sex deter-

mination, or both.
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One explanation applied in a number of marine in-

vertebrates is that there are two sexual types within a spe-

cies. Bacci (1951 ), who proposed this terminology in As-

terina gibbosa, described one "race," or type, whose in-

dividuals (known as balanced hermaphrodites) change sex

at a specific time in their existence. The other type contains

two categories: unbalanced hermaphrodites, which change
sex earlier or later, depending upon the individual, and

true males and females, which remain one sex all their

lives (Bacci, 1951). In the latter type, the presence of"true"

males or females suggests a genetic predetermination for

that sex. Evidence for predetermination is seen in Bonellia

viridis: 10% of the larvae of this echiuran develop as males

even if the "male determining factors" of a female pro-

boscis are absent (Leutert, 1975). Similarly, in Patella

vulgata. some individuals never change sex (Orton, 1928:

Ballantine, 1961), and in Lottia gigantea, about 15% of

the population change sex annually, regardless of envi-

ronmental setting or age (Lindberg and Wright. 1985).

In L. clarki, all individuals start their reproductive lives

as males (Sewell. 1991; Sewell and Chia, 1994; Sewell,

1 993a); thus any "true sex" individuals (those that do not

change sex during their lifetimes) in the population would

be male. The rest of the population must be divided into

those that change sex at some specific time, and those that

change sex under the influence of some genetic or envi-

ronmental factor. Male L. clarki may either delay sex

change, as shown by the large size of some transitional

males (Fig. 2), or have a labile sexuality that alternates

between male and female. There is some circumstantial

evidence that sex can be reversed from female to male

(Sewell and Chia. 1994), and it is conceivable that sex

may change more than once in the lifetime of a holothu-

rian (Everingham, 1961; Harriott, 1982).
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Figure -4. Leplosynapta clarki. Relationship between drained weight

(mg) and number of eggs (filled squares) or pentactulae (open squares).

RMA regressions:

Eggs: v = 6.348.V - 237.726, r = 0.829, N = 80.

Pentactulae: r = 1.795.Y + 44.960. r
2 = 0.375, N = 28.

The size-sex relationship presented here is a static data

set that combines sea cucumbers of many ages within a

size class (Fig. 1). Juveniles released from the mother in

May 1990 were maintained in the laboratory for 1 year

and used for measurements of growth (Sewell, 1993a).

These individuals reproduced as males in November 1990

(Sewell, 1993a). When the growth experiment finished in

May 1991, the surviving sea cucumbers were kept in the

laboratory until the gonads had regrown after postspawn-

ing resorption (Sewell and Chia, 1994). In July 1991, eight

animals of the surviving 78 had changed sex (unpub. data).

These protandric sea cucumbers were above 185 mg TW,

Table III

Leptosynapta clarki: Scaling constantsfor relationships between sea cucumber size and number of eggs or pentactulae

Regression
' F2

ln(a) s
2
? fi lower upper

TW ivv # eggs
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Figure 5. Leptosvnapta clarki. Number of female sea cucumbers in

each percent fertilization class during November and December 1989

and 1990. A' = 28 females.

which is about the critical size of200-250 mg determined

from field collections. The other 70 individuals, although

of the same age, were male or of undetermined sex. Seven

of these 70 sea cucumbers were above 185 mg TW but

had not changed sex. These results suggest, therefore, that

size in combination with some environmental or genetic

factor may be more important than age to the timing of

sex change in L. clarki.

Brooding and small body size

Brooding is size-dependent in many marine inverte-

brates, and species with smaller adults protect their em-

bryos to more advanced stages ofdevelopment (see review

by Strathmann, 1990). This trend has been noted in two

families of holothurians, the Cucumaridae (Menge, 1975)

and the Synaptidae (Strathmann, 1990). L. clarki con-

forms to these trends in being small (adult size maximum
at Bamfield is 1 13 mm) and brooding pentactulae in the

ovary (Everingham, 1961; McEuen, 1986; Sewell and

Chia, 1994).

A test of the allometry hypothesis to explain the asso-

ciation of small adult size with brooding (Strathmann and

Strathmann. 1982) in L. clarki did not show proportion-

ately smaller broods in larger sea cucumbers. The slope

of the relationship between loge drained weight and log,,

number of pentactulae was not less than 1, indicating no

spatial constraints on brood size in larger L. clarki.

Constraints on brood size can also occur if the larger

broods from larger adults develop more slowly or suffer

higher mortality (Strathmann and Strathmann, 1982). In

L. clarki. despite a trend for larger females to have a higher

number of pentactulae, larger females or females with a

high number of pentactulae do not show a higher degree

of mortality (Sewell, I993a). These results suggest that

brood size is not constrained in larger L. clarki by either

brood space or differential embryonic mortality.

Although the allometry hypothesis is intuitively ap-

pealing (Hess, 1993), the evidence for scaling constraints

on brood size in marine invertebrates is remarkably

poor. Studies that suggest that brood size is uncon-

strained by brood space include species of polychaetes

(Daly, 1972; Gremare and Olive, 1986; Hess, 1993),

bivalves (Ockelmann and Muus, 1978; Kabat, 1985;

McGrath and OFoighil. 1986; Russell and Huelsenbeck,

1989; Brey and Hain, 1992), asteroids (Menge, 1974),

ophiuroids(Rumrill, 1982; Byrne, 1991), holothuroids

(Rutherford, 1973), and pinnotherid crabs (Hines.

1992). In fact, when the study on Asterina phylactica

that provided the first empirical evidence for the hy-

pothesis (Strathmann el al.. 1984) was reanalyzed with

RMA regression, no scaling constraints on brooding

were indicated (Hess, 1993).

One species that might show allometric constraints

on brooding is the hermaphroditic, bursal-brooding

Axiognathus scniamata (Rumrill, 1982). In this species,

the relationship between brood number and parental

body size is significantly different from zero, but with

a low slope (untransformed data b = 0.57; Rumrill.

1982). This indicates that smaller adults brood numbers

of embryos nearly equivalent to those brooded by larger

adults (Rumrill. 1982). However, in Axiognathus squa-

mata. staggered oocyte maturation and brood release

ensures that the production of oocytes never exceeds

the capacity of the adult to brood the developing em-

bryos (Rumrill, 1982). Therefore, the observed allo-

metric constraint on brood size in this species may de-

pend more upon the rate of oocyte maturation than on

body size (Rumrill, 1982).

In L. clarki. sperm released externally enters the ovary

through an as yet unknown means (Everingham, 1961;

McEuen, 1987; Hess el al, 1988; Sewell and Chia, 1994),

but probably via the gonopore. Large amounts of sperm

are available during the spawning season as a result of

early reproduction, which skews the sex ratio dramatically

towards males (Table II), and the production of large

quantities ofsperm by each male (Sewell and Chia, 1994).

Although all males invest a similar proportion of energy

in reproduction (about 5% of drained weight, Sewell and

Chia, 1994), larger males will have larger volumes of

sperm, which might result in higher fertilization success.

However, even though sperm does not appear to be lim-

iting because of high-density populations (at Bamfield,

mean density
= 169 per m :

; Sewell, 1993a), a skewed sex

ratio, and large amounts of sperm per male, in some fe-

males fertilization is low or zero. There is also no evidence

to suggest that larger females have a higher fertilization
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success. If fertilization is a constraint for L. clarki or other

brooders, then limitations on brood size due to space or

embryonic requirements for dissolved materials (Strath-

mann and Strathmann. 1982) may never be reached.

In brooding species where fertilization success is high

(e.g., Cucumaria pseudocurata Rutherford, 1973;

Ophioplocus esmarki Rumrill, 1982; Ophionereis oli-

vacea Byrne, 1991 ), allometric constraints on space may
be avoided by brooding of embryos to a limited stage of

development (Daly, 1972; Ockelmann and Muus, 1978),

three-dimensional packing ofembryos in the brood space

(Kabat, 1985), sequential brooding throughout the repro-

ductive season (Kabat, 1985; Hess, 1993), or brooding

within a distensible structure (Hines, 1992; present study).

In the latter case, the ability for the brood structure to

expand to accommodate the number of fertilized eggs

might ensure that, even when fertilization success is high,

all the embryos can be brooded. In such cases, a test of

the allometry hypothesis may be inappropriate because,

in contrast to external brooders or species with a well-

defined, solid brood space, there may not be a limit to

brood space.

Alternative hypotheses to explain the association be-

tween small size and brooding such as lower energetic

reserves (Chia, 1974), dispersal, or recruitment (Strath-

mann and Strathmann, 1982) cannot be considered in

relation to brooding in L. clarki until there is comparative

information on other sea cucumber species. Hess (1993)

has recently suggested that the slower developmental rate

of embryos in large brooders may be a factor in the evo-

lution of brooding. This time-constraint hypothesis sug-

gests that longer developmental times may be disadvan-

tageous because the stage-specific mortality rate is expe-

rienced over a longer period of time, and the number of

broods per unit time is reduced. In the development of

this hypothesis, Hess assumes that embryonic mortality

may be low and relatively unimportant in brooders, but

this may not be true for all brooding species (Sewell,

1993a, b). If embryonic mortality is high, as in some fe-

male L. clarki (Sewell, 1993a, b), then the costs of a longer

development in larger brooders will be even greater (H.

Hess, pers. comm.).

Although the time-constraint hypothesis may be ap-

plicable to species that spawn more than once per season,

alternative hypotheses will be needed to explain the as-

sociation between small size and brooding in semelparous

brooders or in individuals that produce only one brood

per season (Hess, 1993). As the latter category includes

many echinoderms in which the association between small

size and brooding is particularly pronounced (see Strath-

mann, 1990), this emphasizes that no single hypothesis

will be applicable in all taxa (Strathmann and Strathmann,

1982).

Brooding and hennaphroditism

The association between brooding and hermaphrodit-

ism has been noted in a variety of marine invertebrates

(Ghiselin, 1969, 1974; Charnov, 1982; Strathmann and

Strathmann, 1982), including asteroid, ophiuroid, and

holothuroid echinoderms (Ghiselin, 1969, 1974). The

fairly high incidence of protandry in ophiuroids and hol-

othuroids was believed by Ghiselin (1969) to favor the

gene-dispersal model for hermaphroditism.

In the gene-dispersal model, sequential hermaphrodit-

ism can act to prevent inbreeding due to fertilization be-

tween siblings, especially in forms with restricted gene

flow (Ghiselin, 1969, 1974). For example, if all members

of a clutch are males at the onset of sexual maturity and

change into females simultaneously, then they are never

able to mate with each other (Ghiselin, 1974). The ob-

servation that there is a higher incidence of sequential

hermaphroditism in forms with restricted gene flow (spe-

cies with no larvae or brooders) provides some support

for the hypothesis (Ghiselin, 1974), though there is little

direct evidence for reduced levels of inbreeding in se-

quential hermaphrodites (but see Hunt. 1993), and none

for brooding species. Studies on the scale of genetic dif-

ferentiation in L. clarki (Hess et ai. 1988) and the con-

firmation of protandry in the present study may provide

direct evidence for this hypothesis in a brooding species.

In an electrophoretic study of three geographically sep-

arate L. clarki populations on San Juan Island, Washing-

ton, Hess et ai (1988) found no evidence for inbreeding:

the two polymorphic loci studied did not show the reduced

numbers of heterozygotes expected in inbred populations.

The authors concluded that there was enough movement

of either individuals or gametes within each population

to allow random mating and maintain heterozygosity.

Similar results were obtained by Hunt (1993) in the as-

teroid Patirit'lla exigua, which is protandric and oviposits

direct-developing eggs on the undersides of intertidal

boulders (Byrne, 1992). This species has no known

method for dispersal, but showed no evidence of inbreed-

ing (Hunt, 1993). In both cases, low dispersing and pro-

tandric species, one with direct development, the other a

brooder, showed evidence for random mating within iso-

lated local populations (Hess et ai, 1988; Hunt, 1993).

L. clarki juveniles released from the mother rapidly

form shallow burrows, and dispersal though rare-

might occur by rafting, floating, swimming, or incidental

dispersal as a result of water movement (Sewell, 1993a).

The combination of occasional dispersal and sequential

hermaphroditism might reduce levels of inbreeding in an

L. clarki population. However, because growth rates in

juvenile L. clarki are extremely variable (Sewell, 1993a)

and protandry appears to be dependent upon the com-

bined effects of size and environmental/genetic effects, it
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is unlikely that all siblings undergo a simultaneous sex

change. Although L. clarki does show some evidence to

support the gene-dispersal model for sequential her-

maphroditism, further clarification is required to deter-

mine how far siblings disperse from one another; whether

all, or only some, individuals in a clutch change sex at

the same time; and if there is a reduction in inbreeding

in the Bamneld population.

If we assume that sequential hermaphroditism is an

advantageous strategy for L. clarki, the question to be

answered is. Why is L. clarki protandric and not pro-

togynic?

Juvenile sea cucumbers are released from the mother

into the adult habitat in April or May (Sewell and Chia,

in press; Sewell, 1993a). The transitional gonads with new

eggs are, however, seen in sex-changing animals in January

while these pentactulae were still being brooded. There-

fore, if the sea cucumbers were to be reproductively active

as females in their first year, they would need to start egg

development while being brooded within the female. In

addition, based on the regression line for drained weight

versus number of eggs (Table III, Fig. 4), to produce any

eggs at all a sea cucumber must weigh over 37 mg DW
during late October. Although growth to sizes at which

eggs could be produced is possible on the basis of labo-

ratory measurements (Sewell, 1993a). the time required

to produce mature eggs ( 10 months, Jan-Nov.; Sewell and

Chia, 1994) might be a constraint to early reproduction

as a female.

In terms of the size-advantage hypothesis, although

there is clearly an increase in the number of eggs produced

per female with size (Fig. 4), the potential for low fertil-

ization (as number of eggs fertilized) in all females may
reduce any advantage in large females. In addition, there

is a strong relationship between testis weight and male

size (unpub. data), so larger males are producing larger

volumes of sperm. Until the mechanism of fertilization

in L. clarki is determined, it is not known whether male

size is important to an individual's fertilization success.

Future research

Leptosynapla is an ideal genus in which to conduct

further research on the association of small size, her-

maphroditism, and brooding in marine invertebrates.

These sea cucumbers are of small to moderate size (Hy-

man, 1955; 12-30 cm maximum adult length [except for

L. minuta, 1 cm]; McEuen, 1986); are characterized by

burrowing habits (Hyman, 1955); and exhibit a wide range

of reproductive strategies from lecithotrophic broadcast

spawners (L. inhaerens, L. galliennei, L. girardii, L. tennis)

to coelomic (L. minuta) and ovarian brooders (i.e., vivip-

arous species: L. clarki, L. transgressor; for references see

Smiley el al., 1991). Of these species, L. clarki and prob-

ably L. inhaerens are protandric, whereas L. minuta is

reported to be hermaphroditic (Smiley el al., 1991). Fur-

ther comparative work on this genus would therefore be

of considerable interest because it removes phylogenetic

constraints from the consideration of life history questions

relating small size, brooding, and hermaphroditism.
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Report of the Director

and Chief Executive Officer

1993 marked the 105th year of the Marine Biological

Laboratory and my first full year as its Director and

CEO. It was an exciting time, one filled with top-flight

science, excellent educational opportunities, and

infrastructure change.

Scientific Activities

The MBL's year-round research program continues

to be a vigorous, diverse, and well-funded mix of

scientific investigations.

The largest group of year-round scientists at the MBL
are in the Ecosystems Center co-directed by Jerry

Melillo and John Hobbie. This group conducts field,

laboratory, and computer modeling studies in areas

such as coastal zone management, river basin

modeling, biogeochemical cycling in the Arctic of

Alaska, and the preservation of biodiversity in tropical

rain forests. Its work has been central to the prediction

and modeling of global climate change, especially the

impact of terrestrial ecosystems. Work at the Center has

also been important at the local level where studies are

under way on the environment around the present

outfall pipe and its future site outside of Boston

Harbor.

Cutting-edge research is under way at the

Architectural Dynamics in Living Cells Program where

Shinya Inoue, a recently elected member of the

National Academy of Sciences, and his colleagues are

probing the structure of living cells at high levels of

resolution. Newly developed equipment and techniques

continue to allow the investigators to probe even

further into the fine structure of the cell.

In the Molecular Evolution Program, studies by

Mitchell Sogin and others have further elucidated the

evolution of parasites relative to the later emergence of

their contemporary hosts. The human pathogens of

Giardia and Toxoplasma have been particularly

important organisms for the study of ribosomal RNA
sequences as a means of learning more about the

relatedness of organisms.

Lionel Jaffe and Andrew Miller, with the input of

numerous colleagues, have been carefully investigating

patterns of calcium distribution to learn more about its

importance in cell development and other biological

phenomena. The successful transfection of the cellular

slime mold Dictyostelium with apoaequorin has

produced a strain of mold that luminesces to reveal

patterns of internal free calcium during development.

In the summer, the number of scientists at the

Laboratory increases several fold to over 400. The

quality and diversity of their research is impressive, as

is the excitement they bring. In true MBL tradition, the

community gathers to share scientific information in a

variety of ways: through formal evening lectures, during

brown bag lunches, and in passing in the halls and

streets of the MBL campus.
The active scientific interchange that occurs led this

past year, as in previous years, to many experiments to

test ideas. A number of these were reported at the

annual General Scientific Meetings. It is at this meeting

that year-round and summer scientists gather to share

the results of their recent investigations at the MBL.
The topics at the Meetings ranged from calcium in

development to gamete physiology and biochemistry to

neurobiology to behavior to comparative physiology

and estuarine ecology. This extraordinary mix of topics

was presented by more than 50 investigators, students,

and fellows. Of these presentations, 33 were written up,

reviewed, and published as short reports in the October

1993 issue of The Biological Bulletin.

As in previous summers, the MBL awarded a

number of research fellowships. This year 22 scientists,

a record number, from around the world came to the

Laboratory to study topics ranging from creating

computer models of neural networks, to real-time

visualizations of DNA replication in mammalian

Rl
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nuclei, to understanding the roles of kinesin and other

motor proteins in mitosis and organelle transport.

All of the scientists at the MBL have benefited from

the recently completed Marine Resources Center.

During 1993, the facility's state-of-the-art life support

and recirculating seawater systems became fully

operational, allowing many of the important marine

model organisms to be maintained, as well as the

initiation of culturing efforts.

Two organisms that are being cultured are the dwarf

surf clam, Mulinia lateralis. and the bay scallop.

Aquipecten irradians. Mulinia is becoming increasingly

popular as a model for studying cell division, cell

cycling, gamete metabolism, and fertilization. This tiny

clam, which measures no larger than a small fingernail,

is proving to be as reliable a model as the surf clam.

Spisitla. As surf clams become more difficult to obtain,

genetically defined, cultured Mulinia may provide

researchers with a viable alternative model system.

Hundreds of mature Aquipecten are being

maintained in the mariculture room as part of a joint

project with Taylor Seafood. These scallops have

spawned tens of millions of scallops which have

recently been moved into ponds where it is hoped that

they will reach maturity and eventually find their way
to dinner tables around the country. Several millions of

the juveniles have also been seeded in public

shellfishing areas to enhance local stocks.

In addition to culturing efforts such as these, a

variety of other valuable animals are maintained in the

MRC. For example, the dogfish shark can now be held

year-round in the facility, providing researchers whose
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work has implications for such diseases as cystic fibrosis

and cancer with a constant supply of healthy research

organisms. Leukemic Mya clams are now being used in

studies on the effects of PCBs under controlled

conditions. And scup are being used in the investigation

of how varied temperatures affect muscle physiology,

respiration, and contractility.

Educational Programs

The MBL's tradition of excellence in education

continued in 1993. There were a record number of

students and instructors participating in the most

extensive course schedule ever to be offered at the

Laboratory. Eighteen courses were held in 1993.

covering the neurosciences, cellular and molecular

biology, developmental biology, molecular evolution,

microbiology, and information science, as well as

training in a variety of specialized laboratory

techniques. Of particular note was the Embryology

course, which celebrated its 100th anniversary.

The courses continue to be extremely popular and

competitive, with the Education Office receiving over

2700 inquiries leading to the selection of more than 400

students representing 268 institutions. Many of these

students were able to come because of the extensive

scholarship support offered by the Laboratory. The

students were joined by 382 instructors and lecturers

who make it possible for the MBL to offer an

unmatched, individualized educational opportunity.

Not only were students able to participate in the

courses, but for the first time in recent years, funds

were raised that specifically supported post-course

research for a limited number of students. During the

post-course experience the students were able to

conduct independent research based on projects begun

during the laboratory sessions of their courses.

Although the MBL summer courses are for graduate

and postgraduate students, undergraduates have an

opportunity to study at the Laboratory primarily in the

Boston University Marine Program. BUMP has now

grown to almost 70 undergraduates and graduates who

are here mainly in the fall to take a wide variety of

courses. The graduate students spend year-round taking

courses and doing research under the five full-time

Boston University faculty now in residence in Woods
Hole.

Infrastructure

The MBL was the site of changes in both its

governance and physical infrastructure in 1993. The

governance changes voted in 1992 were implemented

successfully at the February 1993 meeting of the MBL
Board of Trustees. During 1993, three new Trustees

were elected to the Board: Paul Marks. President and

CEO of Memorial Sloan-Kettering Cancer Center;

Philip Needleman. President of Searle Research and

Development; and William Steere, Jr., Chairman and

CEO of Pfizer, Inc. The first Science Council, chaired

by George Langford, was elected by the Corporation at

its August meeting.

Our physical plant received significant attention in

1993. Extensive renovations to the Lillie Research

Building are nearing completion as I write; this project

was supported in part by a grant from the National

Science Foundation. We also completed construction of

the Marine Resources Center's Collection Support

Facility, which includes a diving support facility.

Finally, the Brick Apartment Dormitory has been

modernized and refitted with new plumbing, wiring,

and storm windows.

An important part of any institutional growth is a

positive funding situation. The MBL was most

fortunate this year to receive several major gifts that

increased our endowment by more than 20%. Foremost

among these were gifts from Dr. Ellen Grass and the

Grass Foundation and bequests from Anita Zorzoli and

Harold Glassman. It was also particularly gratifying

that the annual fund reached a new record of $272.000.

a 15% increase over 1992's total.

Looking Ahead

1993 was a good year for the Marine Biological

Laboratory, as recounted in the preceding outline of the

many positive research and educational activities, as

well as infrastructural and financial ones. In an era of

austerity and general pessimism about science, it is

gratifying to be able to provide such good news. Will I

be able though to continue to provide such positive

reports?

My sense is that things indeed will continue to

improve. As the Laboratory confronts the changing

patterns of both research and funding, its small size and

unique status will continue to allow it to initiate and

react quickly to new opportunities. Flexibility and a

diverse funding base appear to me to be crucial traits of

the MBL that will enable us to deal with change. Our

educational and research programs fill a niche occupied

by few, if any, other institutions. The loyalty and

generosity of our Corporation members, as well as the
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friends of the Laboratory and long-time Foundation I look forward to seeing many of you in 1994, the

supporters, encourage optimism about the Laboratory's 106th year in the long and distinguished history of the

continuing to contribute to the life sciences and Marine Biological Laboratory.

remaining an attractive place for the independent
researcher who is searching for the freedom of the MBL
research environment. John E. Burns



Report of the Treasurer

A year ago, in reviewing the financial results for

1992, I reported that we had entered a period of

transition, and had come through the initial phase of

that transition in a modestly successful financial

manner. I also reported that as we looked forward to

1993, we sensed a continuing and an improving

financial stability.

I am happy to report that the 1993 financial results

have continued the financial progress we witnessed in

1992, and have even exceeded our expectations. In

1993, we had the most successful financial operating

results in the recent history of the MBL.
We finished the year with an excess of revenues over

expenditures in the current unrestricted fund of

$657,774. After mandatory transfers to fund debt

principal of $67,339 and the procurement of equipment

in the amount of $92,485, I am pleased to report that

we funded a portion of our depreciation by transferring

$494,490 to the renewals and replacement plant fund.

For the Housing Auxiliary, the funding of the renewals

and replacement fund was $184,490; more significantly,

for the first time in my tenure as Treasurer, we were

able to transfer $3 10,000 to the general operations

renewal and replacement fund for use in future major

capital repairs and improvements.

I cannot emphasize enough the importance of this

modest but significant financial achievement by the

MBL, for it fulfills a long-standing goal of the Trustees.

Therefore, I report to you the first step in what we hope
will be a continuing and annual outcome of future

financial operations. To put things in perspective, it

should be understood that this funding of depreciation

is far less than the amount of $1,183,814 reported in

the financial statements and also far less than the

$750,000 on the urgent deferred maintenance and

repair schedule, but it is a start and a record we can

build on in the future.

Private gift giving at the MBL continues to improve,

and in 1993 we experienced the best year in modern

history from the standpoint of private gift giving,

recording over $5.2 million dollars with almost 53%

going into the endowment fund. Continuing the success

of last year, our annual fund increased by 15%,

reflecting a new sense of vitality and confidence in the

community (Fig. 1).

The value of our endowment funds increased by

22%, most of which is attributed to private gift support,

but also including over $900,000 of growth in the value

of our money through portfolio appreciation (Figs. 2,3).

Other noteworthy financial information, not directly

reflected in the financial statements, includes a four

MBL ANNUAL CAMPAIGN
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MBL ENDOWMENT FUNDS 1993
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year overhead agreement at 51% with the Department
of Health and Human Services, which should add a

great deal of stability to our financial planning. In

addition, we were able to obtain from the same

organization approval to fund our post retirement

health care liability through our fringe benefit rate.

The financial achievements of 1993 represent a

stepping stone to the future. We must, however,

intensify our efforts to improve the financial

infrastructure and flexibility of the MBL. This can be

achieved by increasing our endowment, as well as by

increasing the size of our relatively small scientific

support base. Only with increased financial resources

will we be able to maintain and enhance the excellent

research and educational opportunities offered by the

Laboratory.

TRJE

ENDOWMENT

Figure 3 Robert D. Manz
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REPORT OF INDEPENDENT ACCOUNTANTS

To the Board of Trustees of

Marine Biological Laboratory

Woods Hole, Massachusetts

We have audited the accompanying balance sheet of Marine Biological Laboratory as of December 3 1 ,

1993 and the related statement of support, revenues, expenses and changes in fund balances for the year

then ended. We previously examined and reported upon the financial statements of the Laboratory for the

year ended December 31, 1992, for which condensed statements are presented for comparative purposes

only. These financial statements are the responsibility of the Laboratory's management. Our responsibility

is to express an opinion on these financial statements based on our audit.

We conducted our audit in accordance with generally accepted auditing standards. Those standards

require that we plan and perform the audit to obtain reasonable assurance about whether the financial

statements are free of material misstatement. An audit includes examining, on a test basis, evidence

supporting the amounts and disclosures in the financial statements. An audit also includes assessing the

accounting principles used and significant estimates made by management, as well as evaluating the

overall financial statement presentation. We believe that our audit provides a reasonable basis for our

opinion.

In our opinion, the financial statements referred to above present fairly, in all material respects, the

financial position of Marine Biological Laboratory at December 31. 1993, and its support, revenues,

expenses and changes in fund balances for the year then ended in conformity with generally accepted

accounting principles.

Our audit was conducted for the purpose of forming an opinion on the basic financial statements taken

as a whole. The supplemental schedules of support, revenues, expenses and changes in fund balances for

current funds (Schedule I), endowment funds (Schedule II) and plant funds (Schedule III) as of December

31, 1993 are presented for purposes of additional analysis and are not a required part of the basic financial

statements. Such information has been subjected to the auditing procedures applied in the audit of the

basic financial statements and, in our opinion, is fairly stated, in all material respects, in relation to the

basic financial statements taken as a whole.

Boston, Massachusetts C^CjfiaAO 4" **k*\Xf\&^Ot
April 20, 1994 VJ <J
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Marine Biological Laboratory

Notes to Financial Statements

A. Purpose ofthe Laboratory:

The purpose of Marine Biological Laboratory (the "Laboratory") is to establish and maintain a laboratory or station for scientific study and

investigations, and a school for instruction in biology and natural history.

B. Significant Accounting Policies:

Basis of Presentation Fund Accounting

In order to ensure observance of limitations and restrictions placed on the use of resources available to the Laboratory, the accounts of the

Laboratory are maintained in accordance with the principles of fund accounting. This is the procedure by which resources are classified into

separate funds in accordance with specified activities or objectives. Separate accounts are maintained for each fund; however, in the accompanying
financial statements, funds that have similar characteristics have been combined into fund groups. Accordingly, all financial transactions have

been recorded and reported by fund group.

Externally restricted funds may only be utilized in accordance with the purposes established by the donor or grantor of such funds. However,

the Laboratory has full control over the utilization of unrestricted funds. Restricted gifts, grants, and other restricted support are accounted for

in the appropriate restricted funds. Restricted current funds are reported as revenue as the related costs are incurred (see Note G).

Endowment funds are subject to restrictions which require that the principal be invested in perpetuity. Related investment income is available

for use for restricted or unrestricted purposes by the Laboratory depending on donor restrictions. Quasi-endowment funds have been established

by the Laboratory for the same purposes as endowment funds; however, the principal of these funds may be expended for various restricted and

unrestricted purposes at the direction of the Trustees.

Fixed Assets

Land, buildings and equipment purchased by the Laboratory are recorded at cost. Donated fixed assets are recorded at fair market value at the

date of the gift. Depreciation is computed using the straight-line method, beginning the month after the asset is placed in service, over the asset's

estimated useful life. Estimated useful lives are generally three to five years for equipment and 20 to 40 years for buildings and improvements.

When assets are sold or retired, the cost and accumulated depreciation are removed from the accounts and any resulting gain or loss is included

in income for the period.

Contracts and Grants

Revenues associated with contracts and grants are recognized in the statement of support, revenues, expenses and changes in fund balances as

the related costs are incurred (see Note G). Reimbursement of indirect costs relating to government contracts and grants is based on negotiated

indirect cost rates. Any over or underrecovery of indirect costs is recognized through future adjustments of indirect cost rates.

Investments

Investments purchased by the Laboratory are carried at market value. Money market securities are carried at cost plus accrued interest, which

approximates market value. Donated investments are recorded at fair market value at the date of the gift. For determination of gain or loss upon

disposal of investments, cost is determined based on the first-m, first-out method.

The Laboratory is the beneficiary of certain investments reported in the endowment funds which are held in trust by others. The Laboratory's

continuing right to these funds is subject to review every 10 years by an independent committee. The market values of such investments are

$4,873,242 and $4,743,257 at December 31, 1993 and 1992, respectively. The income on these investments totaled $226,702 and $219,050 in

1993 and 1992, respectively.

Investment Income and Distribution

The Laboratory follows the accrual basis of accounting except that investment income is recorded on a cash basis. The difference between such

basis and the accrual basis does not have a material effect on the determination of investment income earned on a year-to-year basis.

Investment income includes income from a pooled investment account, which income is allocated to the participating funds on the market value

unit basis (Note D).

Annuities Payable

Amounts due to donors in connection with gift annuities are determined based on remainder value calculations, as of December 31. 1993 with

varied assumptions of rates of return and payout terms.

Reclassifications

Certain 1992 balances have been reclassified for comparative purposes. In 1993, the laboratory reclassined the revenues, expenses and fund

balances related to annuity contracts from the current fund into a separate Annuity Fund.
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Tax-Exempt Status

The Laboratory is exempt from federal income tax under Section 50l(c)3 of the Internal Revenue Code.

C. Investments:

The following is a summary of the cost and market value of investments at December 31. 1992 and 1991:

Market

Certificates of deposit

Money market securities

U.S. Government securities

Corporate fixed income

Common stocks

Real estate

Total investments

1993
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E. Deposits and Commitments for Construction Programs:

As of December 3 1 , 1993, the Laboratory has $492,852 in Deposit with Trustees for the renovations of laboratories. On December 31, 1993, the

Laboratory was contractually obligated for approximately $579,463 of additional expenditures in connection with its current building program.

The expenditures are covered by funding commitments.

F. Long-Term Debt:

Long-term debt at December 31, 1993 amounted to $2,544,690. The aggregate amount of principal due for each of the next five fiscal years and

thereafter is as follows:

1994 $ 69,010

1995 79,010

1996 76,670

1997 80,000

1998 85,000

Thereafter 2.155,000

2,544.690

Less current portion 69.010

Total $2,475.680

In 1992, the Laboratory issued $1,100,000 Massachusetts Industrial Finance Authority (MIFA) Series 1992A Bonds and $1,500.000 MIFA Series

1992B. These bonds pay varying annual interest rates and Series 1992 A and B Bonds mature on December 1, 2012. The Series 1992 A and B

Bonds are collateralized by a first mortgage on certain Laboratory property.

In compliance with the 1992 MIFA bond indentures, the Laboratory has on deposit with State Street Bank and Trust, as trustee for Series 1992

Bonds, investments for construction projects in the amount of $492,852.

Under the most restrictive covenant of long-term debt, the Laboratory's operating surplus (before transfers), interest, expense and transfers from

the quasi-endowment for debt service must equal or exceed all debt service payments.

G. Restricted Current Funds Deferred Support:

The Laboratory defers revenue on current restricted funds until the related costs are incurred. Amounts received in excess of expenses are recorded

as deferred support. The following summarizes the activity of the deferred support account:

1993 1992

Balance at beginning of year $3,51 8,263 $4,29 1 ,705

Additions:

Gifts, endowment income and grants received 8,509,929 7,997,702

Net unrealized gains (losses) (58,026) (77,518)

Net realized gams 155,460 78,636

Transfers 21.223

Deductions:

Funds expended under gifts and grants 8,349,985 8,722,85 1

Transfers 49.411

Balance at end of year $3,796.864 $3.518.263

Deferred restricted gifts of $527,945 and $453,970 were expended in 1993 and 1992, respectively, for the support of indirect costs attributable

to the Laboratory's instruction programs.

H. Retirement Plan:

The Laboratory participates in the defined contribution pension plan of TIAA-CREF (the "Plan"). The Plan is available to permanent employees

that have completed two years of service. Under the Plan, the Laboratory contributes 10% of total compensation for each participant. Contributions

amounted to $507,324 in 1993 and $502,215 in 1992.

Pledges:

As of December 31. 1993, the Laboratory has outstanding pledges of $420.948 of which $399,948 is restricted (unaudited). Pledges are not

included in the financial statements since it is not practicable to estimate the net realizable value of such pledges. These pledges are scheduled to

be paid over the next four years in the amounts of $315.248, $87.700, $12,000, and $7,000, respectively.
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J. Iiucrfunct Borrowings:

Current unrestricted fund interfund borrowings at December 3 1 are as follows:

Due from restricted education funds

Due to restricted endowment fund

Due from (to) restricted quasi-endowment funds

Total

1993 1992

$ 31,098

(6,445)

125,000

$149,653

$(118,755)

(50)

$(118.805)

K. Financial Accounting Standard No, 106:

In December 1990, the Financial Accounting Standards Board (FASB) released Statement No. 106, "Employers' Accounting for Postretiremen!

Benefits Other Than Pensions." This new standard requires employers to accrue, during the years that the employee renders the necessary service,

the expected cost of benefits to be provided during retirement. On November 20, 1993, the Laboratory adopted Statement No. 106 for the year

beginning January 1. 1994 and intends to record the accumulated benefit obligation of $1,588,000 over a twenty-year amortization period.

The Laboratory's policy is that all current retirees and certain eligible employees who retire prior to June 1, 1994 will continue to receive

postretirement health benefits. The remaining current employees will continue to receive benefits; however, those benefits will be limited as

defined by the Plan. Employees hired on or after January 1, 1995 will not be eligible to participate in the postretirement medical benefit plan.



SCHEDULE I

MARINE BIOLOGICAL LABORATORY

STATEMENT OF SUPPORT, REVENUES, EXPENSES AND CHANGES IN FUND BALANCES

CURRENT FUNDS

for the year ended December 31, 1993

SUPPORT AND REVENUES:
Grant reimbursements of direct costs

Recovery of indirect costs

Tuition

Fees for services:

Dormitories

Dining hall

Library

Biological Bulletin

Research services

Marine resources

Investment income

Gifts

Change in deferred support

Miscellaneous revenue

Total support and revenues

EXPENSES:
Research

Instruction

Scholarships, fellowships and stipends

Services:

Dormitories

Dining hall

Library

Biological Bidlelin

Research services

Marine resources

Administration:

Administration

Sponsored projects administration

Plant operations

Other

Total expenses

Excess of support and revenues over

expenses

Net unrealized gain on investments

Net realized (loss) on investments

Net gain on investments

TRANSFERS AMONG FUNDS:
Debt service

Acquisition of fixed assets

Repairs and replacement

Endowment transfer

Capitalization oe income

Other

Total transfers among funds

Net change in fund balances

Fund balances, beginning of year

Fund balances, end of year

Current Unrestricted Funds



SCHEDULE II

MARINE BIOLOGICAL LABORATORY

STATEMENT OF SUPPORT, REVENUES, EXPENSES AND CHANGES IN FUND BALANCES

ENDOWMENT FUNDS

for the year ended December 31, 1993

SUPPORT AND REVENUES:
Gifts

Total support and revenues

Net realized gain on investments

Net unrealized gain (loss) on investments

Net gain (loss) on investments

TRANSFERS AMONG FUNDS:

Capitalization of income

Endowment transfers

Other transfers

Total transfers among funds

Net change in fund balances

Fund balances, beginning of year

Fund balances, end of year

Unrestricted



SCHEDULE III

MARINE BIOLOGICAL LABORATORY

STATEMENT OF SUPPORT, REVENUES, EXPENSES AND CHANGES IN FUND BALANCES

PLANT FUNDS

for the year ended December 31, 1993

Unrestricted

SUPPORT AND REVENUES:
Grant for capital additions

Gifts

Investment income

Other revenue

Total support and revenues

EXPENSES:

Depreciation

Plant operations

Total expenses

Excess (deficit) of support and revenues over expenses

TRANSFERS AMONG FUNDS:
Debt service

Acquisition of fixed assets

Capital additions

Repairs and replacements

Other transfers

Total transfers among funds

Net change in fund balances

Fund balances, beginning of year

Fund balances, end of year

Unrestricted

$ 1.183,814

1.183,814

(1,183.814)

67,339

92,484

1,184,593

1,344.416

160.602

19,708,718

Repairs and

Replacements Total

Reserve Unrestricted

72,493

72,493

(72,493)

494.490

(71,629)

422.861

350.308

196,470

$ 1,183,814

72,493

1.256,307

(1,256,307)

67.339

92,484

1,184,593

494,490

(71,629)

1.767.277

510.970

19.905,188

Restricted

$1.450,632

44,000

31,362

60.000

1.585.994

1,585,994

(1,069,014)

(1.069.014)

516.980

22,898

Total

1,450,632

44,000

31,362

60,000

1,585,994

1,183,814

72.493

1.256,307

329,687

67,339

92,484

115,579

494,490

(71.629)

698.263

1.027.950

19,928,086

$19.869,320 $ 546,838 $20,416,158 $ 539,878 $20,956,036
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Report of the Librarian

TTie Librar}'

In 1993 the MBL/WHOI Library moved towards

greater inter-office cooperation. This effort was evident

through our improved services, policies, budgets,

planning and collections.

The journal collection

The journal cancellation process conducted in 1993

reflected the planning and cooperative efforts

undertaken by staff and scientists throughout all the

Woods Hole institutions. To get a profile of current use

patterns, the Library staff conducted an overview of

reading room materials being copied by and for WHOI,
MBL, USGS, and NMFS patrons.

After twice circulating a preliminary list of MBL-
collected journals being considered for cancellation, 60

subscriptions were ultimately cancelled for 1994. Many
of these journals will still be available as part of our

reciprocal agreement with Brandeis University. Articles

from the cancelled series can be requested for quick

delivery through the Library's interlibrary loan service,

and the tables of contents will be provided in the Bay

Reading Room as they are published.

The book collection

The WHOI Research Librarian oversaw a project to

collect and analyze areas of our monograph collection

that need strengthening. In response to the analysis, the

MBL/WHOI Library Joint Advisory Committee

approved a new procedure to expand the monograph
collection. The procedure involves assigning Library

Coordinators from the departments and groups of our

sponsoring institutions. These coordinators will provide

a list of proposed acquisitions, and texts will be

purchased from that list. Twelve departments were

represented at the first meeting.

Library staff have evaluated, rearranged, labeled,

expanded, and updated the Grass Reference Room
collection. They have also added to the collection

laboratory manuals, bibliographic material, general

reference books, directories, writing and field guides,

handbooks, dictionaries, guides to research and a much

requested collection on Woods Hole and its scientific

community. The Library also received books from the

July 1993 Book Publishers Fair. Publishers from

Oxford, Harvard, Yale University Press, AAUP,
Sinauer, and Freeman continue to donate what

amounts to 1 5 percent of the Library's collection.

The book recall is in its final stages. More than 5,000

books were returned to the Library for bar-coding, and

have been entered into the electronic catalog.

The volunteers

The Library took advantage of strong community

support, and, with the help of the MBL Associates,

established a volunteer program. Volunteers have been

willing and productive as they work in the book stacks,

gather data, repair monographs and improve the

operations of the Library. The Rare Book and Archive

volunteers. Dr. and Mrs. Robert Huettner, mounted

three major exhibits in the Lillie Lobby in the past year:

On the Street Where You Live. Voyeurs ofExploration,

and currently, H 'omen ofScience at Woods Hole.

Garfield Arthur and Linda Landland continue their

work in the Data Library at Clark with the ALVIN
Video collections, and Roger Longley and Fred Pratt

have made headway with the maps and charts

collections. We are very grateful to the volunteers, all of

whom donate their time unselfishly to the Library. We
hope to continue this program in the future.

The archives, preservation, and rare books collection

The Library has many volumes that require

restoration. A few volumes at a time are being selected

for professional repair. For example, the Leuckart

teaching charts examples of outstanding biological

illustration have been photographed and stored in

newly constructed cabinets. These charts are also being

R17
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digitized for electronic distribution and use as a

teaching tool.

As part of the computerization of our collection, we

have been cataloging the obscure records of our rare

books. More than half the collection can now be viewed

on the public access terminals. Before long, the entire

archival book collection will be available on the

terminals.

Cataloging

The Library has a number of classic volumes on

oceanographic expeditions and hydrographic cruises.

This valuable collection has been cataloged and entered

into our local database. To get a sense of the richness of

this resource, one need go no further than the "A'"s,

where one can find information on Arctic and

Antarctic expeditions; Agassiz's cruises on the BLAKE;
Albert I, Prince of Monaco's expeditions from 1889 to

1922; the Allan Hancock Atlantic Expeditions; and

cruises of the ANTON DOHRN.

Cooperative relationships

The MBL/WHOI Library received part of a Boston

Library Consortium (BLC) grant called At Your Service:

High speed delivery of text and graphic library

resources. Through the federal LSCA pilot project grant

the cooperating libraries provide faster and higher-

quality document transmission to BLC members, via

the Internet and high speed/high resolution scanning
workstations. Students, faculty, investigators, and staff

of the academic institutions who have sophisticated

information needs will find this resource particularly

useful.

With the addition of the University of Massachusetts'

four campus libraries, the BLC has increased its library

membership to 14. The cooperative association of these

academic and research libraries support resource

sharing and service enhancement. A computerized

Gateway information service facilitates access to

research materials by providing a link to the catalogs

and union lists of participating libraries, reciprocal

interlibrary loan and document delivery, borrowing

privileges and a card program that identifies patrons
and allows them to register at consortium libraries.

The user-friendly electronic library

Scientists working in Woods Hole or across the globe

may obtain the Library's electronic services throughout
the year. The User Friendly Electronic Library Services

handbook is a guide through the myriad of electronic

services available from the Library. Researchers can

access catalogs of other libraries and universities,

perform literature searches in dozens of databases, keep

up to date on the latest journal issues in our own
stacks, view the tables-of-contents of a publication, and

order documents to be faxed to a laboratory or office.

WHOl branch libraries

Bill Dunkle of the Data Library is developing a

display that depicts the U.S. Navy's role in creating the

American Oceanography Program. The Data Library is

also developing a database for Lowering Summary Data

for ANGUS, ARGO, and Jason. The information in

this database will be available through an index for all

lowerings carried out by these platforms.

In 1993, the Documents Library acquired more than

600 technical documents. One example, the ALVIN
bibliography, contains more than 1 ,000 bibliographic

records of the ALVIN dives, and has been mounted on

a WHOI computer server. It can be accessed through
the Internet library called Gopher. The Documents

Library also started an outreach program to explain the

new electronic services.

Gifts and donations

The Library used a grant from the Bay Foundation

to expand electronic access to indices mounted on the

network. This gift provided 10 additional databases in

the areas of ecology fisheries and water resource

management. The Library also established book funds

in 1993 in memory of Dr. Kimball Atwood, Dr. Allyn

Vine and Dr. Henry Stommel. Dr. Thomas Brock

donated to the Library a research collection of

microbiology monographs.

The Information Systems Division

The Information Systems Division (ISD) managed
electronic support for Library systems. ISD

implemented new "friendlier" Internet tools such as

Gopher and Mosaic, and established policies on the use

of the network. To ensure physical and electronic

security, ISD initiated new policies that limited access

to our resources. ISD installed more than 100 new
network connections this year, including connections in

the Whitman research labs as well as the renovated

space in Lillie. ISD expanded its instructional classes,

and began outreach to local Falmouth hospital staff and
the general community. ISD also taught introductory
courses in Medical Informatics to more than 400

students in 1993.
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Library leadership

Last year, the joint MBL/WHOI Trustees' Library

Planning Committee gave a report to both institutions.

Trustees unanimously agreed on the goals of the

Library, stating: the primary mission of the MBL/
WHOI Library is to provide, in a collaborative and

collegia! environment, access to the best available

information essential to scientific research and teaching

at the two institutions.

Other professionals in the community meet their

needs through contractual agreements. They
recommend three developmental priorities:

A provision in the Library's budget for Library

leadership, informatics expertise and fund-raising

capacity.

Renovations of the Library space in Lillie to

restrict access, improve lighting, reduce the risk of fire,

install fire alarm systems, climate control, and repave

the building envelope.

Preserving deteriorating volumes that should

remain in the collections.

Dr. David Stonehill finished his mission at the MBL/
WHOI Library this past February. After his three-year

stay here, with sponsorship from the Mellon grant, Dr.

Stonehill went on to another leadership role at Miami

University in Ohio. Carol Winn, the Research Librarian

at WHOI, retired in June, 1994. Catherine Norton, the

new Head Librarian, holds a joint appointment from

both MBL and WHOI. Happily, this important

transition for the Library and its staff has been a

smooth one.

Catherine Norton



Educational Programs

Summer Courses

Biology of Parasitism

(June 13-August 14)

Director

John Boothroyd, Stanford University School of Medicine

Associate Director

Richard Komuniecki, University of Toledo

Course Faculty
Richard Davis, San Francisco State University

Jean-Francois Dubremetz, INSERM
Fred Finkelman, USUHS, Herbert School of Medicine

Patricia Johnson, University of California, Los Angeles

Richard Locksley, University of California, San Francisco

Suzanne Morris, Uniformed Services University of the Health

Service

Steven L. Reiner, University of California, San Francisco

Joe Urban, USDA

Instructor

Peter Hotez, Yale University

Teaching Assistants

Peter Bradley, University of California, Los Angeles
Emilio Duran, University of Toledo

Melissa A. Perregaux. Yale University School of Medicine

Marline Soete, INSERM
Jacinto Villanueva, San Francisco State University

Keith Wilson, Stanford University School of Medicine

Course Assistants

Michele Khngbeil, University of Toledo

Kersten Moorehead, San Francisco State University

Sally Riddles, University of Toledo

Students

Niklas Ahlborg, Stockholm LIniversity

Lisa M. Barthel, Northwestern LIniversity

Paul Bloch, Danish Bilharziasis Laboratory
Marcelo R. S. Briones, Escola Paulista de Medicina

Fidel de la Cruz Hernandez, CINVESTAV-IPN Mexico

Wolfgang H. Hoffmann, University of Tubingen
David A. Horn. Rockefeller LIniversity

Jorge A. Huete-Perez, University of Sao Paulo-Ribeirao Preto

Catharine E. Johnson, Johns Hopkins University School of

Medicine

Maxine F. Kellman, VA-MD Regional College of Veterinary

Medicine

Johannes CH. Koeller, University of Munich

Fatima SM. Noronha, Universidad Federal de Minas Gerais

Claudia M. Ochatt, INGEBI

Levi L. Omara, University of Calgary

Simon Paul, Rockefeller LIniversity

Barbara Rick, Zoologisches Institute der Universitat Bonn

Paul M. Selzer, Universitat Tubingen
Tim T. Stedman. Virginia Commonwealth University

Jan Tachezy, Charles University

James Tang, University of Queensland

Embryology (June 18-July 30)

Directors

Eric H. Davidson, California Institute of Technology

Michael Levine. University of California, San Diego

David McClay, Duke University

Course Faculty
Marianne Bronner-Fraser, University of California, Irvine

Andrew R. Cameron, California Institute of Technology

Scott E. Eraser, California Institute of Technology

Janet Heasman, The Wellcome/CRC Institute

Alexander D. Johnson, University of California, San Francisco

Randall Moon, University of Washington

Noriyuki Satoh, Kyoto University

Paul Sternberg, California Institute of Technology

Christopher Wylie. The Wellcome/CRC Institute

Teaching Assistants

Helen Chamberlin, California Institute of Technology

Akiro Hikosaka, Address unknown

Carole LaBonne, Harvard LIniversity

Lynn McGrew, Address unknown

Jeffrey Miller, Duke University

Jannette Rusch, Address unknown

Mark Selleck. Address unknown

Colin Sharpe. Cambridge University

John Shih, California Institute of Technology

Robert W. Zeller. California Institute of Technology

Administrator
Jane Rigg, California Institute of Technology

Course Assistant

Aaron Sloboda, Skidmore College

Course Coordinator
Linda Huffer, Marine Biological Laboratory
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Students
Kristine B. Artinger. University of California, Irvine

Clare VH. Baker, Wellcome/CRC Institute

Elizabeth M. Callery, University of Toronto

Matthew J. Cockerill, Imperial Cancer Research Fund

Robbert J. Creton. University of Utrecht

Lance A. Davidson, University of California. Berkeley

David S. Fashena, University of Oregon

Silvia C. Finnemann. Freie Universitat Berlin

Giulio Ghersi. Universitat di Palermo

Sunita Gupta. SUNY. Stony Brook

Yohko Hatada. University of Oxford

Paul G. Hodor, Carnegie Mellon University

Gabrielle Kardon, Duke University

Evelyn F. Keller, Massachusetts Institute of Technology

Karel F. Liem. Jr.. Columbia University

Malcolm P. O. Logan, National Institute for Medical Research

Denise K. Lokhorst, Harvard Medical School

Edwin M. Munro, University of Washington

Cyrus Papan, Universitat zu Koln

Kathleen I. Pinson. University of Michigan Medical School

Christopher S. Rose, Harvard University

Hyla C. Sweet, University of Texas, Austin

Winston E. Thompson. University of Medicine & Dentistry of New

Jersey

Katherine Woo, California Institute of Technology

Microbial Diversity (June 13-July 29)

Directors

John Breznak. Michigan State University

Martin Dworkin, University of Minnesota

Teaching Assistants

Andreas Brune. Michigan State University

Jared Leadbetter. Michigan State University

Joerg Overmann, University of British Columbia

Anjelica Seitz, University of Connecticut

Course Coordinator
Richard M. Behmlander. University of Minnesota

Laboratory Assistant

Jessica L. Breznak

Students
Dianne M. Ahmann, Massachusetts Institute of Technology

Carol C. Barford. Harvard LIniversity

Alain Brauman. Centre ORSTOM
Tsute Chen, University of Massachusetts

Paul G. Egland, University of Iowa

Eric Frings, University of Bonn

Lee E. Hughes, University of North Texas

Jill A. Kreihng, West Virginia University

Eva S. Lindstrom. Uppsala University

Magdalena Martmez-Canamero, University of Medicine and

Dentistry of New Jersey

Margret I. More, Cornell University

Gerard Muyzer, Max-Planck-Institute For Marine Microbiology

Guadalupe V. Nevarez-Moorillon, University of North Texas

Diana E. Northup. University of New Mexico

Clifford A. Ochs, University of Mississippi

Rafael F. Rosenzweig. University of Idaho

Maria R. Uria-Nickelsen, University of Connecticut

Minoru Wada, University of Tokyo
Tom Wakeford, King's College

Ann E. West, University of Colorado, Boulder

Neural Systems & Behavior (June 13-August 6)

Directors

Ronald L. Calabrese. Emory University

Martha Constantine-Paton. Yale University

Course Faculty
Robert Douglas, University of British Columbia

William Kristan. University of California. San Diego

Christine Li. Boston University

Shawn Lockery, University of Oregon

Christine Rose. LIniversity of Kaiserslautern

Martin Shankland. Harvard Medical School

James Weimann. Stanford University

Instructors

Alexander Borst. Max Planck Institute fur Biologische Kybernetik

Holly Cline. University of Iowa

Patsy Dickinson, Bowdoin College

Cole Gilbert, Cornell University

Richard Levine, University of Arizona

Eduardo Macagno, Columbia University

Robert Malinow. University of Iowa

Pierre Meyrand, LIniversity of Bordeaux

Michael Nusbaum. University of Alabama, Birmingham

Mu-Ming Poo, Columbia University

Leslie Stevens. Albert Einstein College of Medicine

Janis Weeks. University of Oregon

Anegla Wenning. Universitat Konstanz

Scholars-in-Residence
Susan McConnell, Stanford University

Richard G. M. Morris. University of Edinburgh

Teaching Assistants

Yang Dan, Columbia University

Douglas Falls. Harvard Medical School

Jurgen Haag, Max-Planck-Institut fur Biologische Kybernetik

Neal Hessler, Address unknown

William Lemon, University of Arizona

Andrea Novicki. University of Oregon

Glen Prusky. Address unknown

David Sandstrom. Address unknown

Aneil Shirke, University of Iowa

Thomas White. Harvard Medical School

Laura Wolszon, Columbia University

James Q. Zheng. Columbia University

Course Coordinator
Leslie D. Herman, Vanderbilt University

Course Assistant

Kyle C. Kennon
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Students
Marlene Bartos. Technische Universitat Miinchen

John M. Beggs, Yale University

Cynthia J. Gill, University of Virginia

Joshua I. Gold, Stanford University School of Medicine

Roberto B. Gonzales, University of Texas. San Antonio

Sally K. Outline, University of Michigan

Jon M. Karpilow, University of Wisconsin, Madison

Madelyne Kraft, City College

Rafael Levi, Hebrew University of Jerusalem

Christina R. McKittrick, Rockefeller University

William L Miller, University of California. Davis

Constance T. Moore, University of Nebraska Medical Center

Farzan Nadim, Boston University

Oystein H. Olsen, University of Glasgow

Craig M. Powell, Baylor College of Medicine

Janine M. Simmons, UCLA School of Medicine

Laura C. Sisola, University of Minnesota

Johanna E. Speksmjder, Hubrecht Laboratory

Adam F. Strassberg, California Technological Institute

Masanori Takahashi. Osaka University Medical School

Neurobiology (June 13-August 14)

Directors

Irwin Levitan. Brandeis University

Leonard Kaczmarek, Yale University School of Medicine

Course Faculty
Hana Asmussen, University of Virginia Medical School

Gary Banker, University of Virginia

Arlene Chiu, Beckman Research Institute of the City of Hope
Judith Drazba. National Institutes of Health/NINDS

Keith Elmslie, Case Western Reserve University

Richard Horn, Jefferson Medical College

Stephen Jones, Case Western Reserve University

Bechara Kachar, National Institutes of Health/NINDS

Richard Kramer, Columbia University

Diane Lipscombe, Brown University

John Marshall, Yale University School of Medicine

Sally Moody. The George Washington University

Angus Nairn, The Rockefeller University

Manna Picciotto, The Pasteur Institute

Thomas Reese, National Institutes of Health

Peter Reinhart, Duke University Medical Center

Talvinder Sihra, University of Dundee

Carolyn Smith, National Institutes of Health

Donald Wigston. Emory University School of Medicine

Instructor

Laura M. Roman, Yale University

Richard J. Kollmar. University of Wisconsin, Madison

C. J. Malanga, West Virginia University School of Medicine

Hidemi Misawa, Tokyo Metropolitan Institute for Neuroscience

Heidi Scrable, University of Cincinnati College of Medicine

Orian Shirihai, Technion-Israel Institute of Technology

Deborah L. Sodickson, Harvard Medical School

Kristina Wietasch, Harvard Medical School

Physiology (June 12-July24)

Director

Thomas Pollard, Johns Hopkins Medical School

Course Faculty
William Busa, Johns Hopkins University

Laura Davis, Howard Hughes Medical Institute

Michael Mendelsohn, New England Medical Center

Andrew Murray, University of California

Robert Palazzo, University of Kansas

Edward Salmon, University of North Carolina

Roger D. Sloboda. Dartmouth College

Cynthia Stauffacher. Purdue University

Ray Stephens, Marine Biological Laboratory and Boston University

Murray Stewart, Medical Research Council

Edwin Taylor, University of Chicago

Ron Vale, University of California, San Francisco

Katherine L. Wilson, Johns Hopkins University School of Medicine

Instructor

Margaret A. Titus, Duke University Medical Center

Teaching Assistants

Linda Ferrans, Johns Hopkins University

Holly Goodson. Stanford University Medical School

Richard Karas, New England Medical Center/Tufts University

Karen King, Florida State University

C. Lawrence Martin, Purdue University

Jeremy Minshull

Sarah O'Neill, Tufts University

Laura Romberg
Robert Skibbens, University of North Carolina

Jackie Vogel, University of Kansas

Yan Zhu

Course Assistants

Daniel Pollard

Katie Pollard, Pomona College

Michael Salmon, Pitzer College

Course Assistant

Ethan Treistman, University of North Carolina. Chapel Hill

Students

Cynthia Church, University of Colorado

Allen J. Ebens, Howard Hughes Medical Institute

James E. Galagan, University of Miami

Kathryn J. Greene, Case Western Reserve University

Barbara D. Hettinger-Smith, Oregon State University

Students
Kathenne M. Armstrong, Stanford Medical School

Mary Lynn Benka. Oregon State University

Sharon A. Beresford, SUNY. Stony Brook

David J. Carroll, University of Connecticut Health Center

Jung-Ren Chen, University of Miami School of Medicine

Tehyen Chu, SUNY, Stony Brook

Signe R. Erickson, Georgia Institute of Technology

Diane E. Frank, University of Wisconsin-Madison
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Scott B. Herrick, University of California, Riverside

Raquell M. Holmes. Tufts University

Stanley J. P. lyadurai. University of Minnesota

Michelle R. Johnson, Howard University

Keith G. Kozminski, Yale University

Dmitri Krylov, Oregon State University

Annette K. Lewis, Washington University School of Medicine

Helen J. McBride, University of Utah Medical School

Joseph H. McCarty. University of California, Santa Barbara

Susan B. McLeskey, Duke University

William A. Mohler. Stanford University

Roland D. Mullins, University of Kentucky

Steven H. Myster, University of Minnesota

Kristine D. Novak, Duke University

Thandi M. Onami, Scripps Institution of Oceanography

Katsushige Sato, Tokyo Medical and Dental University School of

Medicine

Sara J. Sawyer, University of California, Los Angeles

Robert H. Scannevin, SUNY, Stony Brook

Hans-Joerg Schaeffer, University of Virginia

Suzaynn F. Schick, University of California, San Francisco

Wenying Shou, Pomona College

Diana M. Toivola, Abo Akademi University

Barbara H. Toomey, Hopkins Marine Station

Alexander J. A. Travis. University of Pennsylvania Medical Center

Jian Wang, University of Washington

Anne K. Warner, Dartmouth College

Clare M. Waterman-Storer, University of Pennsylvania Veterinary

School

Cheng Zhu, Georgia Institute of Technology

Short Courses

Advances in Mariculture (May 16-29)

Director

Roger Hanlon, Marine Biomedical Institute

Course Manager
Philip Alatalo, Woods Hole Oceanographic Institution

Course Faculty
Bob Anderson. Bigelow Laboratories for Ocean Sciences

Joe Ayers, Northeastern University

Dave Bengston. University of Rhode Island

Patricia Bubukis. Mystic Marinelife Aquarium
Robert Bullis. Marine Biological Laboratory

Tom Chen. University of Maryland

Elizabeth Clarke, University of Miami

Jack Costello, Providence College

Scott Gallager, Woods Hole Oceanographic Institution

Alan Kuzirian, Marine Biological Laboratory

Jim Lester, University of Houston, Clear Lake

Donal Manahan. University of Southern California

Judy McDowell, Woods Hole Oceanographic Institution

Mike Rice, University of Rhode Island

Steve Spotte, University of Connecticut

Steve Ward, U.S. Fish and Wildlife Service

Students

Daniel Abed-Navandi, University of Vienna

Charles M. Chester, University of New Hampshire

Hyacinth A. Fields, CERMES
Philippe Grosjean, CREC Station Marine

George R. Harbison, Woods Hole Oceanographic Institution

Lisa C. Hendrickson, National Marine Fisheries Service

KrisG. Kosteretz, University of Wisconsin, Milwaukee

Craig Lithgow, Beals Island Regional Shellfish Hatchery

Bill Mebane. Marine Biological Laboratory

Geoffrey F. Sampson. New England Bioassay

Craig A. Weedon, Maryland Department of Natural Resources

Analytical & Quantitative Light Microscopy

(May 15-21)

Directors

Greenfield Sluder, Worcester Foundation for Experimental Biology

David E. Wolf. Worcester Foundation for Experimental Biology

Course Faculty, Lecturers, and Staff
William B. Amos, Medical Research Council

Stephen Block, Rowland Institute for Science

Richard Cardullo, University of California, Riverside

JeffGelles, Brandeis University

Jeff Guild, Cornell University

Shinya Inoue, Marine Biological Laboratory

Aaron Lewis, Hebrew University Givat Ram
Leslie Loew, University of Connecticut, Farmington

Christine McKmnon, Worcester Foundation for Experimental

Biology

Frederick Miller. Worcester Foundation for Experimental Biology

Edward D. Salmon, University of North Carolina, Chapel Hill

Kenneth R. Spring, National Institutes of Health

Elizabeth Thompson, Worcester Foundation for Experimental

Biology

YuLi Wang, Worcester Foundation for Experimental Biology

Watt Webb, Cornell University

Chris Xu, Cornell University

Students
Nelson R. Barton, Harvard University

Robert L. Becker, Jr., Armed Forces Institute of Pathology

David A. Begg, University of Alberta

Tatiana B. Dvornikova, University of California, Irvine

Hong Gao, LSU Medical Center. Shreveport

Jesper L. Gromada. University of Copenhagen

David A. Hessinger. Loma Linda University

Steve G. Hilliard, University of Georgia

Jan H. Hoh. Maurice E. Muller Institute at the Biocenter

Pawel J. Jastreboff, University of Maryland, Baltimore

Nanna K. Jorgensen. University of Copenhagen

Ronald J. Korthuis, LSU Medical Center

Kajedan Z. Kraszewski, Yale University School of Medicine

Damien P. Kuffler, University of Puerto Rico

Marjana Martinic. University of Virginia Medical School

Heinrich J. G. Matthies, Harvard University

Guang Mei, Marine Biological Laboratory

Ramkumar K. Moorthy, Scanalytics/CSPI

Jeffrey H. Price, University of California, San Diego

Noah Sciaky, National Institutes of Health/NICHD

Randi B. Silver, Cornell University Medical College
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Robert M. Simmons, University of London

Robert H. Snyder, Pennsylvania State University

Josef M. Steenbergen. Indiana University School of Medicine

Linda A. Thomas, National Institutes of Health

Shigeo Yoshino, Massachusetts Institute of Technology

Cellular and Molecular Neurobiology and

Development of the Leech (August 8-28)

Directors

Pierre Drapeau, McGill University

David Weisblat, University of California, Berkeley

Course Faculty
Shirley Bissen, University of Missouri

Susannah Blackshaw, University of Glasgow

Francisco Fernandez de Miguel, UNA Mexico

Jorgen Johansen, Iowa State University

Kenneth Muller, University of Miami

John Nicholls, University of Basel

Martin Shankland. Harvard Medical School

Lidia Szczupak, University of California. San Diego

Guest Lecturer

Ronald Calabrese, Emory University

Lecturers

W. Otto Fnesen, University of Virginia

William Kristan. Jr., University of California, San Diego

Eduardo Macagno, Columbia LIniversity

Donald C. Chang. Hong Kong University of Science & Technology

Howard A. Chansky, University of Washington

Doni J. Clark. Beckman Instruments, Inc.

Kimberlee E. Fish, Children's Hospital

George M. Langford, Marine Biological Laboratory

Ming-Chou Lee, Beckman Institute

James K. Min, University of Pennsylvania

Raymond N. Sambrotto, Columbia University

Amy R. Simon, New England Medical Center, Tufts University

Deepak Srivastava, Children's Hospital

Ruci Vergidis. Thunder Bay Regional Cancer Centre

Brian T. Williamson, Eco Science

History of Biology (August 1-11)

Directors

Garland Allen, Washington University

John Beatty, University of Minnesota

Jane Maienschein, Arizona State University

Course Faculty
Mark B. Adams. University of Pennsylvania

Eric Juengst. National Center for Human Genetics Research

Evelyn Fox Keller, Massachusetts Institute of Technology

Barbara Kimmelman, Freelance

Susan Lindee, LIniversity of Pennsylvania

Martin Natowicz, Shriver Center

Dorothy Nelkin, New York University

Diane Paul, University of Massachusetts. Boston

Robert Proctor, Pennsylvania State University

Keith Wailoo, University of North Carolina

Students
Blake D. Anson, University of Oregon

Gerald W. M. Bothe. Columbia University

Marco Bove, Bioelectronics Laboratory

Ashley E. Bruce, Harvard Medical School

Silvina A. Fratantoni, Institute de Biologia Celular

Dorit Parnas, The Hebrew University

David R. Reese, Montreal General Hospital

Carolina Salvador, Albert Einstein College of Medicine

Leonard A. Stem, SUNY, Stony Brook

Zoltan M. Varga, Biocenter of Basel University

Jamie L. Weiss, Iowa State University

Jane Williams, University of Glasgow

DNA Methodology Workshops

(August 2-7 and August 9-14)

Director

Robert Farrell, Exon-Intron, Inc.

Course Faculty
Greg Hale, Exon-Intron, Inc.

Greg Leppert. Exon-Intron. Inc.

Charlie Vaslet, Brown University

Students
Susan E. Aach, U.S. Geological Survey

Pamela L. Arnofsky, Northeastern University

Visiting Lecturer

Bernardino Fantini, University of Geneva

Students
Lois M. Banta, Haverford College

John S. Ceccatti, Conceptual Foundations of Science

Kathy J. Cooke, California Institute of Technology

Sharon J. Durfy, University of Washington

Kenneth L. Garver, West Pennsylvania Hospital, University of

Pittsburgh

Betty L. Garver, Freelance

Christiane Groeben, Statione Zoologica-Anton Dohrn

Jennifer L. Gunn, University of Pennsylvania

Elizabeth A. Hanson, LIniversity of Pennsylvania

Youngran Jo, IHPST, Victoria College

Stephanie H. Kenen, LIniversity of California. Berkeley

Eric D. Kupferberg, Massachusetts Institute of Technology

Cathanna Landstrom, University of Goteborg

Maureen A. McCormick, West Virginia University

Sylvia W. McGrath. Stephen F. Austin State University

Ronald J. Overmann, National Science Foundation

Karen A. Rader, Indiana University

Robert G. Resta, Swedish Hospital Medical Center

Clark T. Sawin, Veterans Administration Medical Center

Carmen J. Schifellite, York University

Judith Johns Schloegel, Indiana University

Jessica J. Shubow, Brown University

Susan B. Spath, University of California

Karen-Sue Taussig, Johns Hopkins University

Tracy L. Teslow, University of Chicago
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David A. Valone, California Institute of Technology

Todd A. Waldman, Johns Hopkins Medical School

Nadine M. Weidman, Cornell University

Janey H. Youngblom, California State University, Stanislaus

Medical Informatics (June 2-8)

Director

Homer R. Warner. University of Utah School of Medicine

Course Faculty
Paul Clayton, Columbia Presbyterian Medical Center

Peter J. Haug, University of Utah School of Medicine

Donald D. A. B. Lindberg, National Library of Medicine

David J. Lipman. Biotechnical Information

Daniel R. Masys, Listerhill Center for Biomedical Communications

Carol Newton, University of California School of Medicine

Rick Rodgers. National Library of Medicine

Robert V. Sideli, Center for Medical Informatics

Lab Coordinator

Sylvia Jessen, University of Utah School of Medicine

Course Assistant

Andy Kogelnik, Emory University School of Medicine

Students

James L. Bingham, University of Kansas Medical Center

Kevin J. Black, Washington University School of Medicine

Gerald J. Cason. University of Arkansas for Medical Sciences

David A. Chernin. Harvard School of Dental Medicine

Keith W. Cogdill. University of Illinois, Chicago

Diana J. Cunningham, Medical Sciences Library

Robert H. Dolin, Kaiser-Permanente

Edward M. Dzierzak, Marshall University

Paul A. Farber, Temple University

Ann R. Fingar, Ohio University

Valene Florance, Welch Medical Library

Roger J. Guard, SIU School of Medicine

Christopher L. Hatch, National Cancer Institute

Deborah A. Jankowski. Michigan State University

Irene P. Kaplan, Albany College of Pharmacy

Ross S. Kazer, United Family Health Center

Karen E. Larsen, Rochester Methodist Hospital

Steven Lipson, Hebrew Home of Greater Washington

Phillip D. Long, SUNY Health Science Center

John P. Mordes, University of Massachusetts Medical School

Narayan H. Nayak. Kaiser Foundation Hospital

Charles J. Okstein, Maricopa Medical Center

Grace I. Paterson, Dalhousie University

Kathleen F. Ryan, Hahnemann Hospital

Thomas S. Scanlon, Naval Hospital

Jeremy C. Shellhase, University of Pittsburgh

Andrew M. Sherrington, Medical Research Council of Canada

Dennis R. Sinar, East Carolina University

Mark-Allen Taylor, Temple University School of Medicine

Donald E. Wheeler, University of Texas Southwestern Medical

Center

Methods in Computational Neuroscience

(August 3-31)

Directors

David Klemfeld, AT&T Bell Laboratories

David W. Tank. AT&T Bell Laboratories

Course Faculty
Joseph Atick, Rockefeller University

Mark F. Bear, Brown University

William Bialek, NEC Research Institute

Rodney James Douglas, MRC
Bard Ermentrout, University of Pittsburgh

William N. Frost, University of Texas Medical School

Apostolos P. Georgopoulos, VA Medical Center

Charles Gray, Salk Institute

John J. Hopfield. California Institute of Technology

Christof Koch, California Institute of Technology

Nancy Kopell, Boston University

Stephen M. Kosslyn. Harvard University

Jeff W. Lichtman. Washington University

John E. Lisman, Brandeis University

Rodolfo R. Llinas, New York University Medical Center

Eve E. Marder, Brandeis University

John H. R. Maunsell, University of Rochester

David A. McCormick, Yale University School of Medicine

Bruce L. McNaughton, University of Arizona

Kenneth D. Miller, California Institute of Technology

John Rinzel, National Institutes of Health

David A. Robinson, Johns Hopkins University

Idan Segev, Hebrew University

H. Sebastian Seung. AT&T Bell Laboratories

Arthur Sherman, National Institutes of Health

Karen Sigvardt, University of California, Davis

Haim Sompolinsky, Hebrew University

Michael Stryker, University of California Medical Center

Roger Traub, IBM Corporation

Lab Instructors

David Berkowitz, Yale University Medical School

David Golomb, National Institutes of Health

Michael Hines, Duke University Medical Center

Roderick Jensen, Texas A&M University

Terrance Kovacs, AT&T Bell Laboratories

Rafael Yuste, AT&T Bell Laboratories

Students

Maria E. Andreu, Universdad de Alicante

Naama Barkai, Hebrew University

Victoria Booth, Northwestern University

Brian W. Colder, University of California, Los Angeles

Yang Dan, Columbia University

Chandan Dasgupta, Indian Institute of Science

Didier A. Depireux, University of Montreal

Patricia M. Di Lorenzo, State University of New York, Binghamton

Andrew A. Hill, University of Massachusetts, Amherst

Lindsay B. Hough, Albany Medical College

Michael Hucka, University of Michigan

Adam L. Jacobs, University of California, Berkeley

Robert A. Jacobs, University of Rochester

Shan Jiang. Brown University
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Jiirgen KJingauf, Max-Planck-Institut fur Biophysikalische Chemie

Kevin E. Martin, University of North Carolina, Chapel Hill

Mayank R. Mehta, Hebrew University of Jerusalem

Partha P. Mitra, Harvard University

Chris L. Passaglia, Syracuse University

Richard D. Rabbitt, Washington University

Moshe Rapp, The Hebrew University

Thorsteinn S. Rognvaldsson, Lunds Universitet

Jesper N. Tegner, Karolinska Institute!

John A. White, University of Iowa

Microinjection Techniques (May 25-June 21)

Director

Robert B. Silver, Cornell University

Course Faculty
Suzanne Chandler, Cornell University

Karen Kindle, Cornell University

Douglas Kline, Kent State University

Patricia Wadsworth, University of Massachusetts

Course Assistant

Elizabeth Allen, Cornell University

Students

Moira K. Behan-Martin, SERC Daresbury Laboratory

Andrew S. Belmont, University of Illinois, Champaign-Urbana

Nancy L. Bossert, Duke University Medical Center

Carlos Collin, NINDS, National Institutes of Health

Teresa M. Dunn, SUNY, Stony Brook

Daniel C. Flynn, West Virginia University

Stephen L. Frawley, Oregon Health Sciences University

Masahiko Fujinaga, Anesthesiology Service

Ursula E. Gliick, Weizmann Institute of Science

Ming-Ta Hsu, Institute of Biomedical Sciences

Bruce E. Magun, Oregon Health Science University

Merle Mizell, Tulane University

Nancy S. Ratferty, Marine Biological Laboratory

Barnard B. Rees, Stanford University

Mary Ann Sens, Medical University of South Carolina

David I. Soybel, Brigham & Women's Hospital

Jan M. Spitsbergen, Cornell University

Fedora Sutton, South Dakota State University

Richard Yanagihara, National Institutes of Health

Workshop 6\

(August 8-20)

'eular Evolution

Director

Mitchell L. Sogin, Marine Biological Laboratory

Course Faculty
Patrick Argos, European Molecular Biology Laboratory

Dan Davison, University of Houston

Michael Donoghue, Harvard University

Joseph Felsenstein, University of Washington
Walter Fitch, University of California, Irvine

Jotun Hein, Institute for Biological Sciences

Martin Kreitman, University of Chicago

Laura Landweber, Harvard University

David Maddison, University of Arizona

Roger Milkman, University of Iowa

Gary Olsen, University of Illinois

James Ostell, National Library of Medicine

Margaret Riley, Yale University

Monica Riley, Marine Biological Laboratory

James Shapiro, University of Chicago

Terry Speed, University of California, Berkeley

David Swofford, Smithsonian Institution

Bruce Walsh, University of Arizona

Liz Zimmer, Smithsonian Institution

Teaching Assistants

Doug Eernisse, University of Michigan

Steve Thompson, Washington State University, Pullman

Course Consultant
Brendan Reilly, Software Editing Corporation

Course Assistant

Scott Price

Students

Jonathan H. Badger, University oflllinois, Urbana-Champaign
J. William O. Ballard, University of Chicago

Jonas L. O. Blomberg, University of Lund

Michael Boshart, Max-Planck-Institut fur Biochemie

Eugenia S. Boulygina, University of Minnesota

Ian A. Boussy, Loyola University of Chicago

Steven M. Carr, Memorial University of Newfoundland

Lisa A. Castlebury, University of Illinois, Urbana-Champaign
Edward S. Chen, University of Houston

Michael I. Cherry, South Africa Museum

Soowon Cho, University of Maryland

Cynthia S. Cohen, Hopkins Marine Station

Joseph A. Cook, University of Alaska Museum
Catherine L. Craig, Yale University

Elisa Cupolillo, Harvard Medical School

Niels Daugbjerg, University of Copenhagen
Lidia L. Demchyshyn, Clark Institute of Psychiatry

Sergio F. dosReis, University of California, Berkeley

Nicole Dubilier, Harvard University

Richard W. Eberle, National Science Foundation

Suzanne Edmands, University of California, Santa Cruz

Karol S. Elias, USD/ARS
Andrea Gargas, Smithsonian Institution

Clarke E. Garry, University of Wisconsin, River Falls

Brandon S. Gaut, North Carolina State University

Jennifer M. Gleason, Yale University

Terry A. J. Hedderson, Louisiana State University

Victoria C. Hollowell, Columbia College

Patrick J. Keeling, Dalhousie University

Dilip S. Kittur, Johns Hopkins Medical Institutions

Marcia C. Lara, University of California, Berkeley

Dolena R. Ledee, Ohio State University

Tim G. Littlejohn, University of Montreal

Jose V. Lopez, NCI-FCRDC

Wojciech Makalowski, University of Montreal

Dmitri A. Maslov, University of California, Los Angeles

Monica Medina, RSMAS
Diogo Meyer, Universidade de Sao Paulo
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Alison E. Murray, Tiburon Center for Environmental Studies

Michele K. Nishiguchi, University of California, Santa Cruz

Dimitri M. Odorico, James Cook University of North Queensland

Cristian Orrego, San Francisco State University

Christopher L. Parkinson, University of Louisville

Christian W. Pitulle, University of Houston

David D. Pollock, Stanford University

Thomas O. Powers, University of Nebraska, Lincoln

Kathleen M. Pryer, Duke University

Jonathan P. Rast, All Children's Hospital

Steve A. Rehner, ARS, USDA, SBML
Sandra L. Romano, Kewalo Marine Lab/PBRC
Elaine Rumbak, The Natural History Museum

Jack W. Sites, Brigham Young University

Yan Song, Johns Hopkins University

Diane R. Stothard, Ohio State University

Ying Tan, Yale University

George Tzertzinis, Harvard University

Mary A. Voytek, University of California

Elizabeth R. Waters, University of Arizona

James L. Wee, Loyola University

Jennifer J. Wernegreen, Yale University

Dawn M. Wesson, Centers for Disease Control

Optical Microscopy (October 20-28)

Director

Colin S. Izzard, State University of New York, Albany

Course Faculty
Steven M. Block, Rowland Institute for Science

Gary R. Bright, Case Western Reserve University

Fredric S. Fay, University of Massachusetts Medical School

Kevin Fogarty, University of Massachusetts Medical School

Robert Hard, State University of New York, Buffalo

Shinya Inoue, Marine Biological Laboratory

Ernst Keller, Carl Zeiss, Inc.

Greta M. Lee, University of North Carolina

John M. Murray, University of Pennsylvania

Kenneth R. Spring, National Institutes of Health

Central Microscopy Coordinator
Louis Kerr, Marine Biological Laboratory

Course Associates

Gerald Rupp, State University of New York, Buffalo

Elizabeth Welnhofer, State University of New York, Albany

Joseph A. DePasquale, New York State Department of Health

Lab Manager
Linda Huffer, Marine Biological Laboratory

Students

Shawn L. Anderson, University of Virginia

Mikhail L. Borin, University of Maryland, Baltimore

Mary B. Boyle, University of Texas Medical Branch

David K. Brauer, EERC/ARS/USDA
Michael Cammer, Albert Einstein College of Medicine

Mark A. Chamberlin, Pioneer Hi-Bred International

Nancy Connelly, Schering Plough Research Institute

Eugene V. Golanov, Cornell Medical College

Shelley Halpain, University of Virginia Health Sciences Center

James J. Hartman, University of California, San Francisco

Ajaykvmar R. Jain, Omega Optical Inc.

Tatiana A. KassessmofT, National Institutes of Health

Martha R. Kirby, National Institutes of Health

Larry G. Moss, New England Medical Center

Roland H. O. Nitschke, National Institutes of Health

Pamela M. Pasciak, Bristol Myers Squibb Company
Giovanni Pauletti, UCLA School of Medicine

Douglas J. Pon, Merck Frosst Centre for Therapeutic Research

Anne M. Sydor, Harvard University

Keith Taylor, State University of New York, Buffalo

Peter W. Tsao, Dupont-Merck Pharmaceutical Company
William P. Van De Merwe, Uniformed Services University of the

Health Sciences

Joanne H. Whallon, Michigan State University

Lloyd M. Williams, Hunter College

Pathogenesis ofNeuroimmunologic Diseases

(August 15-27)

Directors

J. Murdoch Ritchie, Yale University School of Medicine

Byron Waksman, New York and Harvard Universities

Course Faculty
Vahi E. Amassian, State University of New York, Brooklyn

Stanley H. Appel, Baylor College of Medicine

Barry G. W. Arnason, University of Chicago

Etty Benveniste, University of Alabama, Birmingham
Joel A. Black, VA Medical Center and Yale University

Ivan Bodis-Wollner, University of Nebraska Medical Center

Celia F. Brosnan, Albert Einstein College of Medicine

Ian Nicholas Cnspe, Yale School of Medicine

Judah A. Denburg, McMaster Medical Center

Susan D. Denburg, McMaster Medical School

Daniel B. Drackman, Johns Hopkins School of Medicine

Andrew G. Engel, Mayo Clinic

David C. Felten, University of Rochester School of Medicine

Diane E. Griffin, Johns Hopkins School of Medicine

David A. Hafler, Brigham & Women's Hospital of Harvard Medical

School

Stephen L. Hauser, University of California School of Medicine

William F. Hickey, Dartmouth-Hitchcock Medical Center

Gilla Kaplan, The Rockefeller University

Jeffrey Kocsis, VA Medical Center and Yale University

Norman Latov, College of Physicians and Surgeons of Columbia

University

Cathy G. McAllister, University of Pittsburgh

Robert B. Nussenblatt, National Eye Institute, NIH
Jerome B. Posner, Memorial Sloan-Kettering Cancer Center

Donald L. Price, Johns Hopkins University

Richard W. Price, University of Minnesota Health Center

James W. Prichard, Yale University Medical School

Anthony T. Reder, University of Chicago
Jack Rosenbluth, New York University Medical Center

Benjamin F. Roy, Albany Medical Center

Clifford B. Saper, Beth Israel Hospital

Randolph B. Schiffer, Strong Memorial Hospital

Bhagwan T. Shahani, University of Illinois, Chicago

Moon L. Shin, University of Maryland, Baltimore

Raymond A. Sobel, Stanford University Medical Center
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Michele Solimena, Yale University Medical School

J. Wayne Streilein, University of Miami School of Medicine

Howard L. Werner, Brigham & Women's Hospital of Harvard

Medical School

Jerry S. Wolinsky, University of Texas Health Science Center at

Houston

Scott Zamvil, Brigham & Women's Hospital

Susan Zolla-Pazner, New York University Medical Center

Students
Donald W. Ayres, Sioux City Neurology Neurosurgery

Jeffrey P. Blount, University of Minnesota

Gerhard A. Brandl, Max-Planck-lnstitut fur Psychiatric

Nora A. R. Fernandez Liguori, Hospital Tornu-Bueno Aires

Alison J. Gatrill, University of Cambridge

Maira Gironi, Hospital Sau Raffaela

Norbert Goebels, Max-Planck-Institute fur Psychiatric

Daniel Gonzalez-Dunia, Institut Pasteur

Maria Isabel S. Leite, Hospital Geral Santo Antonio

Margarita I. Manescau, Laboratono de Neuroquimica

Clyde E. Markowitz. Columbia Presbyterian Medical Center

Deborah S. Rames, Texas A&M University

Adrienne Riethmiiller. University of Tubingen

Pradeep K.. Sahota. University of Missouri Hospitals & Clinics

Boris Sakic. McMaster University

Virginia J. Sanders, University of California, Los Angeles

Lisa M. Schrott, University of Colorado Health Sciences Center

Gary G. Schwartz, University of Pittsburgh School of Medicine

Pradip K.. Toshniwal, Private practice

Raymond D. Voltz, Max-Planck-lnstitut fur Psychiatric

Emmanuelle L. Waubant. University of California, San Francisco

Mauro Zaffaroni, Centro Studi Sclerosi Multipla

Andrew W. Zimmerman, East Tennessee Children's Hospital

Einat Zisman. The Weizmann Institute of Science
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Principal Investigators

Adamo, Shelley A., Cornell University

Alkon, Daniel L., National Institutes of Health

Armstrong. Clay. University of Pennsylvania

Armstrong, Peter B., University of California, Davis

Arnold. John M., University of Hawaii. Manoa

Augustine. George J., Duke University Medical Center

Baker, Robert. New York University Medical Center

Barlow. Jr.. Robert B., Syracuse University Institute for Sensory

Research

Bearer, Elaine. Brown University

Beauge, Luis. Instituto M. y M. Ferreyra, Argentina

Belanger. Jim H., University of Arizona. Arizona Research

Laboratories

Bennett, Michael V. L., Albert Einstein College of Medicine

Bestor. Timothy, Harvard Medical School

Bloom, George S., The University of Texas Southwestern Medical

Center at Dallas

Bodzmck. David. Wesleyan University

Borgese, Thomas A.. Lehman College. OJNY
Borst, David, Illinois State University

Boyer, Barbara O, LInion College

Brady. Scott T.. The University of Texas Southwestern Medical

Center at Dallas

Brown, Joel, Albert Einstein College of Medicine

Burdick. Carolyn J.. Brooklyn College, CUNY
Burger, Max M., Friedrich Miescher Institut. Switzerland

Chaet. A. B., University of West Florida

Chang, Donald C.. Hong Kong University of Science & Technology.

Hong Kong
Chappell. Richard L.. Hunter College, CUNY
Charlton. Milton, Ltniversity of Toronto, Canada

Clay, John, National Institutes of Health

Cline. Hollis, University of Iowa

Cohen, William D.. Hunter College. CUNY
Cook. Heather, University of Toronto. Canada

Cooperstein. Sherwin J., The University of Connecticut Health Center

Crutcher, Keith A., University of Cincinnati

D'Avanzo, Charlene, Hampshire College

Dawson, Timothy C., University of Kansas

Demarest, Jeffery R.. University of Arkansas

DeWeer, Paul. University of Pennsylvania School of Medicine

Di Polo, Reinaldo. IVIC, Venezuela

Dowling, John E.. Harvard University

Eckberg, William R.. Howard University

El Manira. Abdel, Karolmska Institutet for Neurophysiology, Sweden

Eliot, Lise. Baylor College of Medicine

Fischer, Gabriele. Konstanz, Germany
Fishman. Harvey M., The University of Texas Medical Branch at

Galveston

Flucher, Bernhard, National Institutes of Health, NINDS

Gadsby. David, The Rockefeller University

Gainer, Harold. National Institutes of Health

Galione, Antony, Oxford University, UK
Garcia-Blanco. Mariano A., Duke University Medical Center

Garrick, Rita Anne, Fordham LIniversity College at Lincoln Center

Gelfand, Vladimir, University of Illinois at LIrbana-Champaign

Gesteland, Robert C., LIniversity of Cincinnati College of Medicine

Giuditta. Antonio, LIniversity of Naples. Italy

Gold. Albert M., University of Medicine and Dentistry of New Jersey

Goldman, Robert D., Northwestern University Medical School

Gould, Robert, New York State Inst. Basic Research in Develop.

Disabilities

Gramoll. Siglunde, Emory University

Gnllner, Sten, Karolinska Institute. Sweden

Gyoeva, Fatima. Russian Academy of Sciences, Institute of Protein

Research

Haimo, Leah, University of California, Riverside

Halvorson, Harlyn O., University of Massachusetts. Dartmouth

Heins, Susanne, Maurice E. Muller-Institut, Germany

Highstein, Steven M., Washington University School of Medicine

Hill. Susan D., Michigan State LIniversity

Holz IV, George G., Harvard Medical School, Massachusetts General

Hospital

Hoskm, Francis C. G., Illinois Institute of Technology

Humphreys, Tom, University of Hawaii

Ip, Wallace, University of Cincinnati College of Medicine

Johnston, Daniel. Baylor College of Medicine

Josephson, Robert K., University of California, Irvine

Kaneshiro, Edna, University of Cincinnati

Kaplan. Ilene M., Union College

Khan, Shahid, Albert Einstein College of Medicine/National Institutes

of Health

Koide, Samuel S.. Population Council

Kremer, James N., University of Southern California

Kuhns, William, The Hospital for Sick Children, Canada

Kumar, Ajit, George Washington University School of Medicine

Kuznetsov, Sergei, Moscow State University, Russia

Landowne, David, University of Miami

Lane, Mary C.. University of California

Langford, George, Dartmouth College

Laufer, Hans. The University of Connecticut

Lemon. William C.. University of Arizona

Lester, Roger, Univ. of Arkansas Medical Sciences
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Levin, Jack, Univ. of California School of Medicine. San Francisco

Lm, Shien-Fong, Vanderbilt University

Lisman, John, Brandeis University

Llmas, Rodolfo R., New York University Medical Center

Makarenko, Vladimir I., Russian Academy of Sciences, Russia

Malchow, Robert Paul, University of Illinois at Chicago College of

Medicine

Metuzals, Janis, University of Ottawa, Canada

Miyakawa, Hiroyoshi, Yamagata University School of Medicine

Nasi, Enrico, Boston University School of Medicine

Nelson, Leonard, Medical College of Ohio

Nigg, Erich A., Swiss Institute for Exp. Cancer Research, Switzerland

Obaid, Ana Lia, University of Pennsylvania School of Medicine

Olson, Andrew, University of Pennsylvania

Oosawa, Fumio, Aichi Institute of Technology, Japan

Palazzo. Robert E.. University of Kansas

Pant, Harish, National Institutes of Health, NINDS
Pastor-Loro, Angel Manuel, University of Seville. Spain

Pierson, Elisabeth, University of Siena, Italy

Qian, Haohua, Harvard University

Quigley, James P., State University of New York, Stony Brook

Rakowski, Robert F.. University of Health Sciences/The Chicago

Medical School

Ratner, Nancy, University of Cincinnati

Reese, Thomas S., National Institutes of Health, NINDS

Rieder, Conly L., Wadsworth Center for Labs and Research

Ripps, Harris. University of Illinois College of Medicine

Rome, Lawrence, University of Pennsylvania

Ross, William, New York Medical College

Ruderman, Joan V., Harvard Medical School

Russell, John M., Medical College of Pennsylvania

Ryckebusch, Sylvie, California Institute of Technology

Salzberg, Brian M., University of Pennsylvania School of Medicine

Scholey, Jonathan, University of California, Davis

Segal, Sheldon, The Population Council

Sheetz, Michael P., Duke University Medical Center

Shimizu, Takashi, National Institutes of Bioscience & Human

Technology, Japan

Silver, Robert B., Cornell University, New York State College of

Veterinary Medicine

Sloboda, Roger D., Dartmouth College

Sperelakis, Nicholas, University of Cincinnati College of Medicine

Standart, Nancy, University of Cambridge, UK
Steinacker, Antoinette, Puerto Rico Medical Sciences Campus
Swenson, Katherine I., Duke University Medical Center

Telzer, Bruce, Pomona College

Trinkaus, John P., Yale University

Troll, Walter, New York University Medical Center

Tytell, Michael, Bowman Gray School of Medicine of Wake Forest

University

Ueno, Hiroshi, Osaka Medical College, Japan

Vilim, Ferdinand S., Columbia University, NYSPI

Vogel, Steven S., National Institutes of Health

Wahl, Philip, Royal Danish School of Pharmacy

Wang. Samuel S. H.. Stanford University/Hopkins Marine Station

Wangh, Lawrence J., Brandeis University

Weiss, Dieter, University of Rostock

Wright, Jonathan, McMaster University, Canada

Yoshioka, Tohru, Waseda University, Japan

Zigman, Seymour, University of Rochester School of Medicine &
Dentistry

Zottoli, Steven J., Williams College

Zuazaga de Ortiz, Conchita, University of Puerto Rico

Other Research Personnel

Abbas, Rashida, Vanderbilt University

Abraham, Vivek C, Franklin & Marshall College

Ahl, Jonna, University of Hartford

Almazan. Guillermina, McGill University, Canada

Altamirano, Anibal A., Medical College of Pennsylvania

Andrews, Brian. NIH

Armstrong, Clara F., University of Pennsylvania

Baldndge, William, McMaster University, Canada

Bence, Kendra K., University of Connecticut Health Center

Benech, Juan Claudio, Institute de Investigaciounes Biologicas

Clemente Estable. Uruguay

Betz, Heinrich, Max-Planck-Institut fur Himforschung, Germany
Breitwieser, Gerda E., Johns Hopkins School of Medicine

Browning, Curtis L., University of West Florida

Burgess, David R., University of Pittsburgh

Burns, Mane E., Duke University

Burpee, Dianne, Illinois State University

Busquets, Xavier F., Friedrich-Miescher Institut, Switzerland

Cheng. Peter, National Institutes of Health

Chludzinski. John, National Institutes of Health, NIH

Cohen, Danen, Dartmouth College

Cohen, Ricky. McGill University. Canada

Collin. Carlos. National Institutes of Health

Collins, Glynnis, University of Southern California

Crispino, Marianna. University of Naples. Italy

De Berberian, Graciela Elso, Institute M. y M. Ferreyra, Argentina

de Menil, Ben. Hunter College, CUNY
DeBello. William M., Duke University

Devlin, C. Leah, Pennsylvania State University

Drazba, Judith, National Institutes of Health, NINDS

Dube, Francois, Hopkins Marine Station, Stanford University

Gallant, Paul, National Institutes of Health, NINDS

Gerosa, Daniela, Friedrich Miescher-Institut. Switzerland

Gilland, Edwin, New York University Medical Center

Goldman, Anne E., Northwestern University Medical School

Gomez, Froylan, University of Pennsylvania

Gomez, Maria, Boston University School of Medicine

Grant, Philip, National Institutes of Health

Guillfoyle, Kerry Jo., Hampshire College

Hammar, Kasia, National Institutes of Health, NINDS
Hammes, Michelle. Hampshire College

Hershko, Avram, Techmon-Israel Institute of Technology, Israel

Herzog, Enk, Syracuse University
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Messier, Neal, University of Iowa

Holmgren, Miguel, University of Health Sciences/Chicago Medical

School

Huerta, Julio, Hunter College, CUNY
Huerta, Patricia, Brandeis University

Hunt, ames M.. Duke University

Ito. Etsuro, National Institutes of Health, NINDS
Ho, Ken-Ichi, Yamagata University, Japan

Johnson, Donald. Lehman College

Juneja, Renu, Population Council

Jung, Jeanie, Brandeis University

Kaech, Stefanie, National Institutes of Health, NINDS

Kaplan, Barry B.. Western Psychiatric Institute and Clinic

Kelly, Mary. Syracuse University

Kezuka, Hiroaki, Hitachi Ltd., Japan

Khodakhah, Kamran, University of Pennsylvania

Khuon, Sayta, Northwestern University

Kirino. Yutaka, Kyushu University, Japan

Kouchi, Takeshi, Waseda University, Japan

Koyano, Takeshi, University of Pennsylvania School of Medicine

Krasovitsky, Vadim, Illinois State University

Krause, Todd, University of Texas

Kudo, Yoshihisa. Mitsubishi Kasei Inst. Life Sciences, Japan

Ladurner, Peter, University of Innsbruck, Austria

Lasser-Ross, Nechama, New York Medical College

Levin, Francine, University of California School of Medicine

Lim, Jong, New York University Medical Center

Lorenzoni, Patrizia, Friedrich Miescher-Institut, Switzerland

Lu, Jin, University of Texas Medical Branch

Lu, Pin, Hong Kong University of Science & Technology, Hong Kong

Mair, Gunnar, University of Innsbruck, Austria

Malinow, Robert, University of Iowa

McPhie, Donna, National Institutes of Health

Mensmger, Allen F., Vanderbilt University

Minkoff, Charles G., Duke University Medical Center

Miyaguchi, Katsuyuki, National Institutes of Health, NINDS

Miyakawa, Atsuo. Hamamatsu University School of Medicine, Japan

Momose-Sato, Yoko, Tokyo Medical and Dental University School of

Medicine, Japan

Monterrubio, Jose, University of Puerto Rico

Moreira, Jorge, National Institutes of Health, NINDS

Morgan, James L. M., University of Arkansas

Morita. Mitsuhiro, Japan Tobacco. Japan

Murthy, Rajan, Massachusetts Institute of Technology

Nelson, Mark. University of Illinois

O'Neill, Peggy, Illinois State University

Ogielski, Andrew, Parallel Computing & Algonthum Research Group

Oka, Kotaro, Fujitsu Laboratories, Ltd., Japan

Olds, James L., National Institutes of Health

Parmentier, Patricia, Albert Einstein College of Medicine

Paulin, Michael, University of Otago, New Zealand

Perez, Reynaldo, University of Puerto Rico

Pethig, Ronald, University of Wales, UK
Powers, Maureen, Vanderbilt University

Radominska, Anna, University of Arkansas Medical Sciences

Rayos, Nancy. Hunter College, CUNY
Reese, Barbara, National Institutes of Health. NINDS

Regehr, Wade, University of Pennsylvania

Reiter, Dietmar, University of Innsbruck, Austria

Rence, Kendra K.. University of Connecticut Health Center

Ross, Lawrence, Hunter College. CUNY
Rusciano. Dario, Friedrich Miescher-Institut. Switzerland

Sakakibara. Manabu. Tokai University, Japan

Salvenmoser, Willibald. Universitat Innsbruck, Austria

Sanchez, Ivelisse, Hunter College. CUNY
Sanger, Jean M., University of Pennsylvania

Sanger, Joseph, University of Pennsylvania

Sardet, C, Centre National de la Recherche Scientifique, France

Sawin, Hemant, Emory University

Schneggenburger, Ralf. Universitat des Saarlandes. Germany
Shan, Nadeem Iqbal, National Institutes of Health, LTPB, NICHD
Sheller, Rebecca, University of Texas

Short, Lisa, Howard University

Snmal, Subita, Bangalore Genei (P) Ltd., India

Stokes. Darrell R., Emory University

Sudakin, Valery, Israel Institute Technology, Israel

Sugimori, Mutsuyuki. New York University Medical Center

Swank. Doug, University of Pennsylvania

Takac, Peter, Institute of Experimental Phytopathology and

Entomology, Slovak Republic

Takagi, Hiroshi, Waseda University, Japan

Takahashi, Megumi, Waseda University, Japan

Takeshita, Tomoko, Waseda University, Japan

Takimizu. Hideyuki, Waseda University, Japan

Terasaki, Mark, National Institutes of Health, NINDS

Thompson. Winston. University of Medicine and Dentistry of New

Jersey

Todora. Michael. University of Texas. Austin

Tokumaru, Hiroshi, Kyushu University, Japan

Treat, Susan, University of Arkansas Medical Sciences

Tsukimura, Brian, Illinois State University

Valdes, Lexia M., Barry University

Van Egeraat, Jan, University of Amsterdam, The Netherlands

Vogel, Jackie, University of Kansas

Wang, Sam, Duke Medical Center

Warner, Anne, Dartmouth College

Weiier, Reto, University of Oldenburg, Germany

Wellington, Melanie, Duke University Medical Center

Wikswo, John P.. Vanderbilt University

Wirtz, Karel, State University of Utrecht, The Netherlands

Witte, Sonia, University of Iowa

Xou, Dong-Jing. University of Iowa

Yang, Ling-Sheng, The Population Council

Ye, Jane, Dartmouth College

Zakevicius, Jane M., University of Illinois at Chicago College of

Medicine

Zheng, Xin, Albert Einstein College of Medicine

Zigman, Bunnie Rose, University of Rochester School of Medicine &

Dentistry

Zukin, R. Suzanne, Albert Einstein College of Medicine
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Library Readers

Abbott, Jane, Marine Research, Inc.

Alkon, Daniel L., National Institutes of Health

Allen, Nina S., Wake Forest University

Anderson, Everett, Harvard Medical School

Ayvazian, Suzanne, University of Western Australia

Babitsky. Steven, KJstin, Babitsky, Falmouth, MA
Baccetti, Baccio, Institute of General Biology

Benjamin, Thomas, Harvard Medical School

Bernhard, Jeffrey, University of Massachusetts

Candelas, Graciela, University of Puerto Rico

Cariello. Lucio, Stazione Zoologica, Naples

Camere, Rita, McGill University

Chambers, Edward, University of Miami

Clark, Arnold, Woods Hole, MA
Cobb, Jewel P., California State University

Cohen, Leonard, American Health Foundation

Cohen, Seymour, Woods Hole, MA
Collier, Marjone M., St. Peters College

Copeland, Eugene, Woods Hole, MA

D'Alessio. Giuseppe. University of Naples

Duncan, Thomas, Nichols College

Epstein, Herman, Woods Hole, MA
Escalona de Motta, Gladys, San Juan, Puerto Rico

Federici, Celine, New York, New York

Frantz, John D., Carnegie Institution

Gabriel, Mordecai, Brooklyn College

German. James, New York Blood Center

Ghislain, Nicaise, University of Nice

Gilbert, Daniel L., National Institutes of Health

Goldfarb, Ronald, Pittsburgh Cancer Institute

Coward, Samuel, University of Maryland

Grossman, Al, NYU Medical Center

Gruner, John A., Cephalon Inc.

Guttenplan, Joseph, NYU Dental Center

Hall, Valerie, Nantucket, MA
Harrington, J.P., University of Southern Alabama

Herskovits, T., Fordham University

Hines, Michael. Duke University Medical Center

Hundert, Edward, Harvard Medical School

Ilan, Joseph, Case Western Reserve University

Ilan, Judith, Case Western Reserve University

Inoue. Sadayuki, McGill University

Jacobson, Allan, University of Massachusetts Medical School

Kaltenbach, Jane, Mount Holyoke College

Kaminer, Benjamin, Boston University

Kelly, Robert E., University of Illinois

King, Kenneth, Falmouth, MA
Karlin, Arthur, Columbia University

Klemow. Kenneth, Wilkes University

Kramer, Fred R., Public Health Research Institute, New York

Kravitz, Edward, Harvard Medical School

Laderman, Aimlee, Yale University

Levy, R. Galatzer, Institute Tor Psychoanalysis

Leighton, Joseph, Peralta Cancer Research Institute

Linck, Richard W., University of Minnesota

Lorand, Laszlo, Northwestern University

Masland, Richard, Massachusetts General Hospital

Mauzerall, David, Rockefeller University

McCleskey, Ed, Washington University

Mizell, Merle, Tulane University

Moore, John W., Duke Medical Center

Mooseker. Mark, Yale University

Morrell, Frank, Rush Medical College

Morrell, Leyla, Rush Medical College

Narahashi, Toshio, Northwestern University

Nickerson, Peter, SUNY, Buffalo

Olins, Ada, University of Tennessee

Olins, Donald E., University of Tennessee

Pappas. George, University of Illinois

Person, Philip, Flushing, New York

Pierce, Sidney K., University of Maryland

Prusch, Robert, Gonzaga University

Rao. T.S.S., Dona paula, Goa India

Rabmowitz, M., MBL, Harvard Medical School

Reynolds, George T., Princeton University

Rickles, Frederick, University of Connecticut Health Center

Roennenberg, Til. University of Munich

Rose, Birgit, University of Miami School of Medicine

Roth, Lorraine, Brookline, MA

Schippers, Jay, no affiliation listed

Sears, James R., University of Massachusetts, Dartmouth

Shepro, David, Boston University

Shnftman, M.S., Health Services. New York

Shepard, Frank, Woods Hole Database

Sonnenblick, Ben. Rutgers University

Spector. Abraham. Columbia University

Spiegel, Melvin. Dartmouth College

Spiegel, Evelyn, Dartmouth College

Spinn, Alexander, Russian Academy of Sciences

Starr-Shriftman, Health Services, New York

Stephenson, W.. Earlham College

Stuart, Ann, University of North Carolina

Sweet, Frederick, Washington University School of Medicine

Sundquist, Eric, U.S. Geological Survey

Sydlik. Mary A., Westfield State College

Tilney, Louis, University of Pennsylvania

Trager, William, The Rockefeller University

Treistman, Steven, University of Massachusetts Medical Center

Tweedell. K., University of Notre Dame

Tykocmski. Mark L., Case Western Reserve University

Van Holde, K., Oregon State University

Warren, Leonard, Wistar Institute

Webb. Marguerite, Woods Hole, MA
Weidner, Earl, Louisiana State University

Weissmann, Gerald, NYU Medical Center

Wittenberg, B.. Albert Einstein University

Wittenberg, J., Albert Einstein University

Wilbur, Charles, Colorado State University

Wolken, Jerome, Carnegie Mellon University

Woods Hole Research Center, Woods Hole, MA
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Domestic Institutions Represented

A-M Systems

AT&T Laboratories

Alabama, University of, at Birmingham

Albany College of Pharmacy

Albany Medical College

Albert Einstein College of Medicine

American Bionetics. Inc.

American Psychological Association

Ames Laboratory

Analytical Luminescence Laboratory

Applied Biosystems

Arizona Research Laboratory

Arizona, University of

Arizona, University of. School of Medicine

Armed Forces Institute of Pathology

Astro-Med, Inc.

Axon Instruments, Inc.

Bates College

Barry College

Baruch College of City University of New
York

Baylor College of Medicine

Beals Island Regional Shellfish Hatchery

Beckman Instruments, Inc.

Becton Dickinson IS

Belmont Abbey College

Bethesda Research Labs

Bio-Rad Laboratories

Bodega Marine Station

Boston Biomedical Research Institute

Boston Children's Hospital

Boston University

Boston University School of Medicine

Boston VA/Tufts Medical School

Bowling Green State University

Brandeis University

Bngham & Women's Hospital

Brigham Young University

Bnnkmann Instruments, Inc.

Brookhaven National Laboratory

Brooklyn College of City University of New
York

Brown University

Bryn Mawr College

BTX
Bunton Instrument Company, Inc.

California Institute of Technology

California State University, Stanislaus

California, University of, Berkeley

California, University of, Davis

California, University of, Irvine

California, University of, Los Angeles

California, University of. Riverside

California, University of, San Diego

California, University of, San Francisco

California, University of, Santa Barbara

California, University of, Santa Cruz

Cambridge Instruments

Cambridge Technology

Case Western Reserve University

Case Western Reserve University School of

Medicine

Carnegie Institute of Washington

Carnegie-Mellon University

Case Western Reserve University

Cell Robotics

Center for Bioengineering/University of

Washington
Center for Great Lakes Studies

Center for Marine Science Research

Center for Neurobiology and Behavior

Centers for Disease Control

Chicago Medical School

Chicago, University of

Children's Hospital and Harvard Medical

School

Chronical of Higher Education, The

Ciba Corning Diagnostics Corp.

Cincinnati, University of

City College of New York

City University of New York

City University of New York, Lehman

College

City University of New York Medical School

Clark University

Cleveland Veterans Affairs Medical College

Codonics

Colgate University

Colorado College

Colorado State University

Colorado, University of. Boulder

Colorado, University of, Health Sciences

Center

Columbia University

Columbia University College of Physicians

and Surgeons

Connecticut, University of

Connecticut, University of, Health Center

Cornell Medical College

Cornell Medical School

Cornell University

Cornell University, N.Y. State College of

Veterinary Medicine

Costar Corporation

Coy Corporation

Crimson Camera Technical Sales

Dage MTI, Inc.

Dana-Farber Cancer Institute

Dartmouth College

Dawson Company
Delaware Diamond Knives, Inc.

Delaware, University of

Diamond General Corporation

Digital Equipment Corporation

DNA Star

Drew University

Drummond Scientific

Duke University

Duke University Medical School

E. I. duPont de Nemours & Co., (Inc.)

East Tennessee State University

Eastman Kodak Company
Eco Science Corp.

E.G.&G. Instruments

Emory University

Emory University School of Medicine

Eppendorf, Inc.

Ericomp, Inc.

Exon-Intron, Inc.

FDA-Bethesda

Finnegan, Henderson, Farabow Law Firm

Fisher Scientific

Florida State University

Florida, University of

Flow Laboratories

John Fluke Manufacturing Company

Galileo Electro-Optics Corporation

General Scanning, Inc.

General Valve Corporation

George Mason University

George Washington University

Georgetown University Medical School

Georgia Institute of Technology

Georgia, University of

Gerontonlogy Research Institute

GIBCO/BRL Life Technologies, Inc.

Gilson Medical Electronics, Inc.

Gonzaga University

Gould, Inc.

Grass Instrument Company

Hacker Instruments, Inc.

Frederick Haer & Company
Hahnemann Medical College

Hahnemann University

Hamamatsu Photonic Systems

Hampshire College

Harbor-University of California Los Angeles

Medical Center

Harvard Medical School

Harvard University

Hawaii, University of

Health Sciences, University of

Health Sciences, University of,/Chicago

Medical School

Hebrew Home of Greater Washington

HHMI, Johns Hopkins Medical School

HHMI, Massachusetts General Hospital

Hitachi

Hoefer Scientific

Holy Cross College

Honeywell Corporation

Hopkins Marine Station

Houston, University of

Howard Hughes Medical Institute

Howard University

Hutchinson Cancer Research Center

Hunter College



R34 Annual Report

Hunter College and City University of New
York Graduate Center

I.B.M.-T.J. Watson Research Center

IBI

ICN Radiochemicals (Division of ICN

Biomedicals, Inc.)

ICRF

Idaho, University of

Illinois Natural History Survey

Illinois State University

Illinois, University of

Illinois, University of, Urbana-Champaign

Indec Systems Corporation

Inovision Corporation

Indiana University

Indiana University School of Medicine

Institute for Basic Research

Institute for Basic Research in

Developmental Disabilities

Institute of Neuroscience

Intelligenetics

Internationa] Equipment Company
INUS Systems, Inc.

Iowa State University

Iowa, University of

ISCO, Inc.

James Cook University

JEOL
Johns Hopkins Hospital

Johns Hopkins Medical Institute

Johns Hopkins University

Johns Hopkins University School of

Medicine

Jouan, Inc.

Kansas, University of

Kent State University

Kentucky, University of

Kentucky, University of. Medical School

Kinetic Systems

KinTek Instruments

Kipp & Zonen

Kodak Research Laboratory

David Kopf Instruments

Kramer Scientific Cornoration

Lab Line Instruments, Inc.

Lab Products

Laser Science

Lehman College of City University of New
York

Leica, Inc.

Lindberg Enterprises

Living State Physics Group, Vanderbilt

University

Los Alamos National Laboratories

Louisiana State University

Louisiana State University Medical Center,

Shreveport

Loyola University

Ludlum Measurements, Inc.

Marine Biological Laboratory

Marine Biomedical Institute, Galveston

Marquette University

Maryland. University of

Maryland, University of, Baltimore

Maryland, University of. Center of Marine

Biotechnology

Maryland, University of. Eastern Shore

Maryland, University of. School of Medicine

Massachusetts General Hospital

Massachusetts Institute of Technology

Massachusetts, University of

Massachusetts, University of, Amherst

Massachusetts, University of, Boston

Massachusetts, University of, Medical Center

Massachusetts, University of. Medical School

Mayo Clinic

Medical College of Georgia

Medical College of Ohio

Medical Systems Corporation

Medical University of South Carolina

Meiji Techno America

Memorial Sloan Kettering Cancer Center

Merck & Company
Merck, Sharp & Dohme Research

Laboratory, New Jersey

Meridian Instruments

Miami, University of

Miami, University of. School of Medicine

Michigan State University

Michigan State University. Center for

Microbial Ecology

Michigan Technological University

Michigan, University of

Michigan, University of, Ann Arbor

Micro Video Instruments

Miles Inc., Diagnostics Division

Milhpore Corporation

Minnesota, University of

Missouri-Columbia, University of

MJ Research

Molecular Dynamics
Molecular Probes

Moravian College

Mount Holyoke College

Mt. Sinai School of Medicine

Murray State University

NACVIS Systems

Narischige USA, Inc.

NEC Research Institute

NIH/NIDDK/MDB
National Cancer Institute

National Heart, Lung and Blood Institute

National Institutes of Health

National Institutes of Health/NCI

National Institutes of Health/NHLBI
National Institutes of Health/NICHD
National Institutes of Health/NINDS

National Institutes of Health/NIEHS

National Institutes of Health/NIDDK
National Institutes of Mental Health/NIH

National Jewish Center for Immunology &
Respiratory Medicine

National Marine Fisheries Service/Univ.

Maryland Eastern Shore

National Multiple Sclerosis Society

National Science Foundation

Naval Hospital, San Diego

Naval Medical Research Institute

Naval Research Laboratory

Nebraska, University of

Neslab Instruments, Inc.

Neuro Data Instrument Corporation

Neurological Institute, New York

Neurometabolic Disorders Foundation

New Brunswick Scientific Company, Inc.

New England Bioassay, Inc.

New England Medical Center

New Hampshire, University of

New Jersey Medical School

New Jersey Medical School and Fordham

University

New Mexico, University of, School of

Medicine Cancer Center

New York Medical College

New York State Department of Health

New York State Institute for Basic Research

New York University

New York University Medical Center

New York University School of Medicine

Newport Corporation

Nikon, Inc.

Noran Instruments

North Carolina State University

North Carolina, University of, Chapel Hill

North Dakota University

North Texas, University of

Northfield Mount Hermon School

Northeastern University

Northwestern University

Northwestern University Medical School

Oberlin College

Office of Naval Research

Ohio State College

Ohio State University

Oklahoma State University

Oklahoma, University of

Olympus Corporation

Omega Optical Inc.

Opti-Quip

Oregon Health Sciences University

Oregon State University

Oregon, University of

Oregon, University of. Institute of

Neuroscience

Owl Scientific

Panasonic Communications and Systems

Company
Parmley Hearing Institute, Loyola University

of Chicago

Pennsylvania State University
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Pennsylvania, University of

Pennsylvania, University of. School of

Medicine

Perceptics Corporation

Perkin-Elmer Corporation

Pharmacia. Inc.

Photometries, Ltd.

Photonic Microscopy, Inc.

Photon Technology International

Physitemp Instruments, Inc.

Pioneer Hi-Bred International

Pittsburgh, University of

Pittsburgh, University of. Medical School

Polaroid Corporation

Pomona College

Ponce School of Medicine

Portland State University

Presbyterian University Hospital

Princeton Instruments, Inc.

Princeton University

Puget Sound. University of

R & M Biometrics, Inc.

Radiomatic Instruments & Chemical

Company, Inc.

Reed College

Research Precision Instruments

RMC
Robbins Scientific

Roche Institute of Molecular Biology

Rochester, University of

Rochester, University of. School of Medicine

Rochester, University of. School of Medicine

& Dentistry

Rockefeller University, The

Rockefeller University, Howard Hughes
Medical Institute

Rowland Institute for Science

RSMAS, University of Miami

Rutgers University

Salk Institute

San Diego Instruments

San Francisco General Hospital

San Francisco State University

Sarastro, Inc.

Savant Instruments, Inc.

Scientific Systems

Scanalytic/CSPI

Scientific Systems

Scott and White Clinic

Scripps Clinic and Research Foundation

Scnpps Institute of Oceanography

Sequoia Turner

SERC-Daresbury Laboratory

Shandon-Lipshaw

Shimadzu Scientific Instruments, Inc.

Silicon Graphics, Inc.

Sinauer Associates

Sioux City Neurology Neurosurgery

SLMOAminco
Smithsonian Institution

Society of Polymer Science

Solomat

Sony Medical Electronics

South Carolina, University of

Southern California, University of

Southern California Kaiser Permanente

St. Mary-of-the-Woods College

Stanford University

Stanford University Medical Center

State University of New York

State University of New York, Albany

State University of New York, Binghamton
State University of New York, Buffalo

State University of New York Health Science

Center, Brooklyn

State University of New York, Purchase

State University of New York, Stony Brook

State University of New York. Syracuse

Stephen F. Austin State University

Stoelting Company
Stratagene

Strong Memorial Hospital

Sun Microsystems

Supercomputing Research Center,

Applications Research

Sutler Instrument Company
Swarthmore College

Swedish Medical Center, Seattle

Swift Instruments

Syracuse University

Technical Manufacturing Corporation

Technical Products International, Inc.

Technical Video, Ltd.

Temple University

Texas A&M University

Texas Christian University

Texas Tech. University

Texas, University of, Austin

Texas, University of. Health Science Center,

Houston

Texas, University of. Medical Branch-

Galveston

Texas, University of. Medical School

Thomas Jefferson University Hospital

Tissue Engineering. Inc.

Tremont Research Institute

Tufts University

Tufts University School of Medicine

Tufts University School of Veterinary

Medicine

Tulane University

Turner Designs

Union College

United States Department of Agriculture

United States Food & Drug Administration

Universal Imaging Corporation

University Hospitals of Cleveland

University Press of Kansas

Ursinus College

USDA/ARS/SRRC
Utah, University of

Vanderbilt University

Vassar College

Vaytek, Inc.

Veterans Affairs Medical Center

VA/MD Regional College of Veterinary

Medicine

Video Scope International, Ltd.

Virginia Commonwealth University

Virginia, University of

Virginia, University of. School of Medicine

Vital Images

Wake Forest University

Wake Forest University/Bowman Gray

Medical School

Warner Instrument Corporation

Washington, University of

Washington University Medical School

Washington, University of, St. Louis

Washington University School of Medicine

Waters Chromatography Division

Welch Library, Johns Hopkins University

Wesleyan University

West Florida, University of

West Pennsylvania Hospital

West Virginia University

Wheaton College

Whitehead Institute

Wild Leitz USA, Inc.

Williams College

Wisconsin, University of

Wisconsin, University of. River Falls

Wisconsin, University of, Madison

Woods Hole Oceanographic Institution

Worcester Foundation for Experimental

Biology

Worcester Polytechnic Institute

Xybion Corporation

Yale University

Yale University School of Medicine

Carl Zeiss, Inc.

Foreign Institutions Represented

AA Bogomoletz Institute of Physiology.

Russia

Abo Akademi University. Finland

Academy of Sciences. Institute of Cytology,

Russia

Alberta, University of, Canada

Auckland. University of, New Zealand

Basel, University of, Switzerland

Belgrade, University of, Yugoslavia

Bernhard Nocht Institut fur Tropenmedizin,

Germany
Bergen, University of, Norway

Bielefeld, University of, Germany
Biozentrum. Basel, Switzerland
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Bonn. University of, Germany
Botanisches Institut, Germany
British Columbia, University of, Canada

British Museum of Natural Histon. United

Kingdom
Brussels, University of, Belgium

Calgary, University of, Canada

Cambridge, University of. United Kingdom
CAS in Marine Biology-Portonovo. India

Catania. University of, Italy

Central Studi Sclerosi Multipla

Center for Research & Advanced Studies-

IPN, Mexico

CERMES, University of West Indies

Charles University, Prague

Chiba University, Japan

Chiba University School of Medicine, Japan

Chile, University of, C.E.C.S., Chile

CINEVESTA V-IPN, Mexico City, Mexico

Clarke Institute, University of Toronto,

Canada

Cologne, University of, Germany
Concordia University, Canada

Cooperative Oxford Laboratory, United

Kingdom

Copenhagen, University of, Denmark

Curtin, John, School of Medical Research.

Australia

Cyprus Institute of Neurology & Genetics,

Cyprus

Dalhousie University. Canada

Dalhousie University Medical School,

Canada

Danish Bilharziasis Laboratory. Denmark
Dublin City University. Ireland

Fac. de Ciencias Universidad de Chile, Chile

Federal University of Pernambuco, Brazil

Federal University, Rio de Janeiro, Brazil

FIDIA Research Laboratories, Italy

Freie Universitat, Berlin, Germany
Friedrich Miescher Institut, Switzerland

Gene Center, Munich, Germany
Glasgow University. Scotland

Goteborg, University of

Goettingen. University of, Germany
Granada, University of, Spain

GSF-Forschungszenlrun; ..rmany

H. San Raffaele, Milan, Italy

Hamamatsu Photonics, KK, Japan
Hebrew University, Israel

Helsinki, LIniversity of, Finland

Herlev University Hospital, Denmark

Hong Kong University, Hong Kong
Hospital Santo Antonio. Portugal

Hospital Tornu. Buenes Aires. Argentina

Imperial College of Science & Technology,

United Kingdom
Indian Institute of Science, India

INGEBI-CONICET

Institut fur Tropenmedizin Tubingen.

Germany
Institute for Biological Research, Yugoslavia

Institute of Histology & Embryology, Austria

Institut Pasteur, France

Institute for Developmental Biology,

Germany
Institute for Tropical Medicine, Hamburg.

Germany
Instituto M.y.M. Ferreyra, Argentina

Institute Oswaldo Cruz. Brazil

I.V.I.C., Venezuela

Katholieke Universiteit-Leuven, Belgium

Kobe LIniversity, Japan

Koln, University of, Germany
Konstanz, University of, Germany

Life Sciences Institute. Israel

London School of Hygiene & Tropical

Medicine. United Kingdom
London School of Hygiene. Brazil

London, University of, Egham. United

Kingdom

Ludwig Institute for Cancer Research. LInited

Kingdom
Lund, University of. Sweden

Max-Planck-lnstitul-fur-Biophysikalische

Chemie. Nikolausberg, Germany
Max Planck Institute

Max-Planck-lnstitut-fur-Biologie, Germany

Max-Planck-Institut-fur-Biologische

Kybernetick, Germany
Max-Planck-Institut-fur-

Entwicklungsbiologie. Germany
Manitoba Institute of Cell Biology. Canada

McGill University. Canada

McMaster University, Canada

Medical Research Council. Canada

Medical Research Council, LInited Kingdom
Medical Research Council, Laboratory of

Molecular Biology. United Kingdom
Memorial University of Newfoundland

Merck Frosst Inc.

Milan. University of, Italy

Montreal Chest Hospital Centre. Canada

Montreal Neurological Institute, Canada

Montreal, University of, Canada

Moscow State University, Russia

Mueller Institute, University of Basel,

Switzerland

Munich, University of, Germany

Naples, University of, Italy

Naples Zoological Station, Italy

Nottingham, LIniversity of, England, LInited

Kingdom
National Institute for Medical Research,

LInited Kingdom
National Research Center for Biotechnology.

Germany
Nobelinstitute for Neurophysiology, Sweden

Ocean Research Institute, University of

Tokyo, Japan

Osnabruch, University of, Germany
Ottawa. LIniversity of, Canada

Oxford University, United Kingdom

Philipps-Universitat, Germany

Philipps-Universitat. Marburg, Germany
Pisa. University of, Italy

Queens College, United Kingdom

Queens University, Canada

Queensland, University of, Australia

Ruhr-University of Bochun. Germany

Sao Paolo School of Medicine, University of,

Brazil

St. Andrews University, Scotland

Seoul National University, Korea

Sienna, University of, Italy

Simon Bolivar, University of, Venezuela

Simon Eraser University, Canada

Southampton, LIniversity of, LInited

Kingdom
State University of Utrecht, The Netherlands

Stazione Zoologica, Italy

Stockholm, LIniversity of. Sweden

Swiss Federal Institute. Switzerland

Swiss Federal Institute of Technology,

Switzerland

Technische Universitat. Munchen, Germany
Technion, Israel

Tokyo. University of, Japan

Tokyo Medical and Dental LIniversity, Japan

Tokyo Metropolitan Institute for

Neuroscience. Japan

Toronto. University of. Canada

Tubingen, University of. Germany
TNO Medical Biological Laboratory. The

Netherlands

Umea, University of, Sweden

Lllm. University of. Germany

University College. London, LInited

Kingdom
Universita di Palermo, Italy

University Hospital of Basel, Switzerland

Uppsala University, Sweden

Utrecht. University of. The Netherlands

Vienna, University of. Austria

Vrije Universiteit Brussels, Belgium

Waseda University, Japan
Weizmann Institute of Science, Israel

Wellcome Research Laboratories. LInited

Kingdom
Western Ontario, LIniversity of, Canada

Wolfson College, United Kingdom

Yamagata University School of Medicine,

Japan

Yoido St. Mary's Hospital. Korea

Zimbabwe. University of, Zimbabwe
Z.L.F. Kantonsspital. Basel, Switzerland
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Architectural Dynamics in Living Cells

Program

Established in 1992. this program focuses on architectural dynamics

in living cells the timely and coordinated assembly and disassembly

of macromolecular structures essential for the proper functioning,

division, motility, and differentiation of cells; the spatial and temporal

organization of these structures; and their physiological and genetic

control. The program is also devoted to the development and

application o! powerful new imaging and manipulation devices that

permit such studies directly in living cells and functional cell-free

extracts. The Architectural Dynamics in Living Cells Program

promotes interdisciplinary research and consists of resident core

investigators and a cadre of adjunct members.

Resident Core Investigators

Inoue. Shinya. Distinguished Scientist

Mei. Guang, Research Associate

Oldenbourg, Rudolf, Associate Scientist

Stemmer. Andreas, Visiting Assistant Scientist

Staff

Knudson, Robert, Instrument Development Engineer

Leighton, Jane, Executive Assistant

Boston University Marine Program

Faculty

Atema. Jelle, Professor of Biology. Director

Dionne, Vincent, Professor of Biology

Humes, Arthur G., Professor of Biology Emeritus

Tamm, Sidney L., Professor of Biology

Valiela, Ivan, Professor of Biology

Voigt, Rainer, Research Associate Professor

Staff

Hahn, Dorothy. Senior Administrative Secretary

Kean, Kristen, Program Assistant

Schillizzi, Cynthia, Program Manager

Visiting Faculty and Investigators

D'Avanzo, Charlene, Hampshire College

DiLorenzo, Patricia, SUNY, Binghamton

Dubin, Adrienne, Visiting Research Scientist

Gunderson, John, Tennessee Technological University

Kaufman, Les, New England Aquarium

Kremer, James, USC
Levine, Joe, Boston Science Communications

Lobel, Phillip, Associate Scientist, WHOI
Mulsow, Sandor, Bedford Institute of Oceanography

Rietsma, Carol, SUNY, New Paltz

Rosenbaum, Joel, Yale University

Sardet, Christian, Villefranche Zoological Station

Simmons, William, Visiting Lecturer, Boston University

Trouslard, Robert, Institut National Agronamique, Paris

Ward, Nathalie, Center for Coastal Studies

Research Staff

Basil, Jennifer, Postdoctoral Investigator

Bierzychudek, Ann, Visiting Research Assistant

Breithaupt, Thomas, Postdoctoral Investigator

Collins, Glynnis, Visiting Research Assistant

Eisthen, Heather, Postdoctoral Investigator

Foreman, Kenneth, Postdoctoral Investigator

Gerardo, Hortense, Postdoctoral Investigator

Grasso, Frank, Postdoctoral Investigator

McConnell. Joanne. Postdoctoral Investigator

Pinedo, Susana, Visiting Investigator

Soucy, Lori, Research Assistant

Seely, Brad, Visiting Research Assistant

Tamm, Signhild, Senior Research Associate

Graduate Students

Anderson, John

Barak, Jeri

Batjakas, loannis

Bloom, David

Bryden, Cynthia

Burns, Maura

Bushman, Paul

Dale, Jonathan

R37
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Eisenegger, Felice

Farley, Lynda

Fricke, Julie

Gomez, George

Han, Tina

Hersh, Douglas

Joy, Jennifer

Karavanich, Christy

La Duca, Nathalia

LaMontagne, Michael

Landmesser, Shari

LaRocca, Beth

Larsen, David

Lowe, Brian

Loynes, Janet

Ma, Diana

Manglapus, Glen

McClelland, James

Millard, Jennifer

Mosiach, Simon

O'Brien, Todd

Phipps, Derek

Portnoy, John

Rubenstein, Belinda

Schlezinger, David

Tamse, Armando

Thomassen, Lori

Usup, Gires

White, David

Summer Undergraduate Interns

Bayha, Keith

Bello, Roberto

Duran, Robert

Evans, Chloe

Faulstich, Emily

Flowers, Alissa

Gribble, Kristin

Hauxwell, Jennifer

Judge, Bryan

Kaplan, Liat

Lin, Winchee

Lowrance, Courtney

Richards, Timothy

Terry, Joseph

Tolley, Krystal

Williams. Semanthia

Undergraduate .Undents, Fall 1993

Agudelo, Sylvia

Arnell, Harry

Barth, Colleen

Berg, Heather

Brown, Julie

Burns, Jennifer

Carnes, Denise

Carroll, Mark

Colby, William

Darras, Todd

Davis, Travis

Director, Syril

Dunlavey, Eric

Economakis, Alistair

Ellison, Rob

Fowler, Brandi

Geer, Tom
Goldsboro

Grady Erinn

Gregoire, Judith

Griffin, Sean

Gunderson, Troy

Highestad, Richard

Holeva, Tom
Howard, Corinne

Hunt, Ritchie

locco, Linda

Jehn, Christopher

Kapoor, Tina

Kim, Hea Jin

Kitson, Mark

Koonce, Lea

Kooy, Liz

Landers, Thomas

Leonard, Ann

Lowrance, Courtney

Machelor, Eva

McCullough, Michelle

Monti, Jill

Muehe, Melanie

Patel, Druhvesh

Pothier, Bryan

Raines, Jason

Sheehan, Daniel

Sugarman, Casey

Townsend, Jessica

Tsutsui, Neil

Vincent, Lara

Voparil, Ian

Washburn, Erika

Wennemer, Heidi

York, Randall

Laboratory ofJelle Atema

Organisms use chemical signals as their main channel of

information about the environment. These signals are transported in

the marine environment by turbulent currents, viscous flow, and

molecular diffusion. Receptor cells extract signals through various

filtering processes. Currently, the lobster with its exquisite sense of

taste and smell, is our major model to study the signal filtering

capabilities of the whole animal and its narrowly tuned receptor cells.

Research focuses on food signals and pheromones used in courtship

and dominance, neurophysiology of receptor cells, behavior guided or

modulated by chemical signals, computational models of odor plumes

and neural filters, and underwater robotics.

Laboratory of Vincent Dionne

Odors are powerful stimuli. They can focus the attention, elicit

behaviors (or misbehaviors), and even resurrect forgotten memories.

These actions are directed by the central nervous system, but they

depend upon the initial transduction of chemical signals by olfactory

receptor neurons in the nasal passages. The processes that underlie

odor transduction are far more diverse than once thought, involving

hundreds of receptor molecules, several different second messengers,

and various types of membrane ion channels. Using

electrophysiological and molecular approaches, our research examines
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how these 'cellular components produc^ odor detection, identification,

and discrimination. The studies are conducted on aquatic salamanders

using amino acids and other soluble chemical stimuli which they

perceive as odors.

Laboratory ofArthur G. Humes

Research interests include systematics. development, host

specificity, and geographical distribution of copepods associated with

marine invertebrates. Current research is on taxonomic studies of

copepods from invertebrates in the tropical Indo-Pacific area, and

poecilostomatoid and siphonostomatoid copepods from deep-sea

hydrothermal vents and cold seeps.

Laboratory ofSidney Tamni

Marine model systems offer unique experimental advantages for

solving basic problems in cell biology and physiology. In particular,

comb jellies (ctenophores). important members of the marine

zooplankton. possess the largest cilia and smooth muscles in nature, a

simple nervous system, and interesting feeding and locomotory

behaviors. We use ctenophores to investigate the mechanism of ciliary

movement and ciliary coordination, the neural and ionic control of

cilia (particularly stimulus-evoked intraciliary calcium transients and

distribution of ciliary calcium channels), geotaxis and mechanosensory

transduction by motile cilia statocyst, structure and function of

smooth muscle, double-modality sensory receptors and the

cytoskeleton, and evolution of neurotransmitters. and a new type of

reversible cell-cell adhesion that closes the mouth of Beroe, a

voracious predator of other ctenophores. In addition, we use a termite

protozoan with a continuously rotating head to investigate novel types

of cell motility, the fluid nature of cell membranes, and remarkable

prokaryotic-eukaryotic motility symbioses.

Laboratory ofIvan Valiela

Our major research activity involves the Waquoit Bay Land Margin

Ecosystems Research Project. This work examines how human

activity in coastal watersheds (including landscape use and

urbanization) increases nutrient loading to groundwater and streams.

Nutrients in groundwater are transported to the sea. and, after

biogeochemical transformation, enter coastal waters. There, increased

nutrients bring about a series of changes. The Waquoit Bay LMER is

designed to help understand and model the coupling of land use and

consequences to receiving waters, to study the processes involved, and

to assess consequences and opportunities for coastal management.

A second long-term research topic is the structure and function of

salt marsh ecosystems, including the processes of predation. herbivory,

decomposition, and nutrient cycles.

Calcium Patterning Program

This laboratory investigates the role played by calcium ions in a

wide range of fundamental cell processes; in developing eggs, in

differentiated tissues, and in cell extracts. This is possible through the

use of aequorin, a bioluminescent protein complex. Aequorin can

either be microinjected into cells or transgenically expressed without

disturbing function or development. The pattern of luminescence that

is emitted by an aequorin-loaded cell reveals changing patterns and

levels of free calcium within the cell (or its progeny). Photons are

collected and correlated with dynamic cellular events by an imaging

system developed in our laboratory. This technique has some

substantial advantages over other methods of imaging intracellular

calcium and as a result supports an extensive collaborative research

effort. The laboratory is currently studying cytokinesis in frog and fish

eggs; cell cycle control in sea urchin and surf clam eggs; polarity

expression in frog eggs; tip growth in pollen tubes; injury and

degeneration in neurons; mechanisms of fertilization in sea urchins;

differentiation in slime molds; and calcium release in cell extracts

from frog eggs. The laboratory is supported by the NSF to both pursue

biological questions and to develop the aequorin-based imaging

technique.

Staff

Miller, Andrew L.. Assistant Scientist

Karplus, Eric. Design Engineer

Jaffe. Lionel F.. Senior Scientist

Fischer. Gabriele, Graduate Student

Visiting Investigators

Abraham, Vivek, C, Franklin and Marshal College

Browne, Carole, Wake Forest University

Creton. Robert, University of Utrecht, The Netherlands

Cubitt, Andrew, C., UCSD
Denegre, Jim, University of California, Irvine

Eckberg. Bill, Howard LIniversity

Febvre, Jean. Villefranche-sur-mer, France

Febvre-Chevalier, Colette. Villefranche-sur-mer, France

Fechter, Larry, University of Oklahoma

Fishman. Harvey M.. University of Texas Medical Branch.

Fluck, Richard, A., Franklin and Marshal College

Galione, Antony, Oxford University, UK
Kinney, Greg, A., Northwestern University Medical School

Pierson. Elizabeth. University of Siena. Italy

Rossi, David. J.. Northwestern University Medical School

Sardet. Christian. Villefranche-sur-Mer, France

Short. Lisa, Howard University

Speksnijder, Johanna. E., Hubrecht Laboratory, The Netherlands

Tobias. Martha, Columbia University

Todora, Michael. University of Texas Medical Branch

Wilding, Martin. University College London, UK

The Ecosystems Center

The Center was established in 1975 to promote research and

education in ecosystems ecology. Twelve senior scientific staff and 43

research assistants and support staff study the terrestrial and aquatic

ecology of a wide variety of ecosystems ranging from Brazil (carbon

cycling and trace gas emissions from tropical forests and pastures) to

the Alaskan Arctic (long-term studies of the response of tundra, lake,

and stream biota to change) to the Harvard Forest (long-term studies

of the effects of disturbance in forest ecosystems) to Massachusetts Bay

(rates of denitrification). Many projects, such as those dealing with

sulfur transformations in lakes and nitrogen cycling in the forest floor,

investigate the movements of nutrients and make use of the Center's

mass spectrometry laboratory (directed by Brian Fry) to measure the

stable isotopes of carbon, nitrogen, and sulfur. The research results are

applied wherever possible to questions of the successful management
of the natural resources of the earth. In addition, the ecological

expertise of the staff is made available to public affair; groups and

government agencies who deal with such problems in acid rain,

ground water contamination, and possible carbon dioxide-caused

climate change.
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Staff

Hobbie, John E., Co-Director

Melillo, Jerry M., Co-Director

Bahr. Michele

Castro, Mark

Castro, Nancy Mathews

Catricala, Chris

Deegan, Linda

Donovan, Suzanne

Dornblaser, Mark

Downs, Martha

Drummey, Todd

Dugan, Deirdre

Fry, Brian

Garritt, Robert

Giblin, Anne

Giehtbrock, David

Golden, Heidi

Griffin, Elisabeth

Helfrich, John

Hopkinson, Charles

Hullar, Meredith

Jesse, Martha

Jones, David

Postdoctorals

McKane, Robert

Neill, Christopher

Visiting Scholars

Norrman, Bosse

Consultants

Bowles, Francis

Bowles, Margaret

:k ighter, David

latkowski. Bonnie

i-aundre, James

McGuire, A. David

Monahan. Jean

Murray, Georgia

Nadelhoffer, Knute

Newkirk, Kathleen

Nohn, Amy
O'Hara, Patricia

Peterson, Bruce

Rastetter, Edward

Redmond, Leslie

Regan. Kathleen

Repert, Deborah

Ricca, Andrea

Scanlon, Deborah

Seifert, Mary Ann

Shaver, Gaius

Steudler. Paul

Tholke. Kristin

Tucker, Jane

Johnson, Loretta

Vallino, Joseph

Schwarzman, Elisabeth

Thomson, Lee

Laboratory for Marine Animal Health

The laboratory provides diagnostic, consultative research, and

educational services to the institutions and scientists of the Woods
Hole community concerned with marine animal health. Diseases of

wild, captive, and cultured animals are investigated.

Laboratory ofAquatic Biomedicine

This laboratory investigates leukemias of soft shell clams.

Monoclonal antibodies developed by this laboratory and techniques in

molecular biology are used to investigate the differences between

normal and leukemic cells and their ontogeny. The impact of

pollutants on leukemogenesis is currently being studied with an

emphasis on regional superfund sites.

Staff

Reinisch, Carol L.. Investigator, MBL, and Chairperson Department

of Comparative Medicine, Tufts University School of Veterinary

Medicine

Rosenfield, Jonah. Laboratory Assistant

Laboratory of Cell Biochemistry

This laboratory uses cell and molecular biological methods to study

the regulation of gene expression in marine fish. Current emphasis is

on gene products involved in hepatic heme biosynthesis and

utilization. These processes are affected by hormonal, nutritional, and

pharmacological agents as well as xenobiotics, and carcinogens. In

addition, free heme is a feedback regulator of its biosynthesis. The

principal site at which these agents act to control the rate of heme

production is 5-aminolevulinate synthase (ALS), the first enzyme of

the pathway. However, it has not been possible to define the

mechanisms that lead to enzyme induction or repression. Marine fish

are attractive for that purpose because they have similar regulatory

features for heme biosynthesis but lack some of the hepatic processes

that have confounded studies in mammals. Evidence to date strongly

indicates that expression of fish ALS is regulated at a

posttranscriptional stage. Cloned cDNAs have been isolated for both

the housekeeping and erythroid forms of ALS. and the sequence of the

e-type cDNA encodes an iron regulatory element that controls the rate

of mRNA translation. It is expected that these studies of the fish ALS

system will give new insights into the control of heme biosynthesis in

vertebrate organisms, including man. Primary cultures offish

hepatocytes provide the experimental material for this work, and an

additional interest of this laboratory is in establishing these cell

cultures as a nonmammalian model for biomedical research.

Staff

Cornell, Neal W., Senior Scientist

Bruning, Grace, Research Assistant

Pianka, Karen, Research Assistant

Rosenfield. Jonah, Laboratory Assistant

Staff

Abt, Donald A., Direci nd The Robert R. Marshak Term Professor

of Aquatic Animal \ and Pathology. School of Veterinary

Medicine, University Kania

Bullis, Robert A., Rescai "rofessor of Microbiology,

University of Pennsylvania

Leibovitz, Louis, Director Emeritus

McCafferty, Michelle. Histology Technician, University of

Pennsylvania

Moniz, Priscilla C., Secretary

Smolowitz, Roxanha M., Research Associate in Pathology, University

of Pennsylvania

Wadman, Elizabeth A., Microbiology Technician, University of

Pennsylvania

I 'isiting Scientist

Fox, T. O., Harvard Medical School

Laboratory ofShinya Inoue

Study of the molecular mechanism and control of mitosis, cell

division, cell motility, and cell morphogenesis, with emphasis on

biophysical studies made directly on single living cells, especially

developing eggs in marine invertebrates. Development of biophysical

instrumentation and methodology, such as polarization optical and

video microscopy and digital image processing techniques, and

exploration of their underlying theory are an integral part of the

laboratory's effort.
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Staff

Inoue, Shinya. Distinguished Scientist

Knudson. Robert. Instrument Development Engineer

Leighton. Jane, Executive Assistant

Mei. Guang. Research Associate

Stemmer, Andreas, Visiting Assistant Scientist

Woodward, Bertha M., Laboratory' Manager

Visiting investigators

Bajer, Andrew, University of Oregon

Burgos. Mario. Universidad Nacional de Cuyo-Conicet

Febvre, Colette, Station Zoologique. Villefranche-sur-Mer, France

Febvre, Jean, Station Zoologique. Villefranche-sur-Mer, France

Sardet, Christian, Station Zoologique, Villefranche-sur-Mer, France

Laboratory ofAlan M. Kuzirian

Research in this laboratory explores the functional morphology and

ultrastructure of various organ systems present in opisthobranch

mollusks. The program includes mariculture of the nudibranch,

Hermissenda crassicornis, with emphasis on developing reliable

culture methods for rearing and maintaining this animal as a research

resource. Studies include optimization of adult and larval nutrition,

control of facultative pathogens and disease, development of

morphologic criteria for staging larvae and juveniles, and

metamorphic induction. Morphologic studies stress the ontogeny of

neural and sensory structures, and neurochemicals associated with the

photic and vestibular systems which have been used as models systems

in learning and memory studies.

Concurrent with these studies is the development of a new

technique to obtain and reconstruct serial block face images (SBFI) of

epoxy-embedded or cryoprepared tissues sectioned or freeze-fractured/

freeze-etched inside an SEM by an in silu miniature ultramicrotome.

Collaborative research includes histochemical investigations on

strontium's role in initiating calcification in molluscan embryos (shell

and statoliths). as well as immunocytochemical labelling of cell-surface

and secretory product antigens using monoclonal and polyclonal

antibodies on Hermissenda sensory and neurosecretory neurons in

situ, and in cell culture.

Additional collaborative research includes DNA fingerprinting of

Hermissenda using RAPD-PCR techniques in preparation for genetic

strain development, as well as chemical ecological studies of the roles

natural products play in larval metamorphosis and predator-prey

recognition and defense mechanisms. Systematic and taxonomic

studies of nudibranch mollusks are also of interest.

Staff

Kuzirian. Alan M.. Associate Scientist

Tamse, Catherine T. Research Assistant

Visiting Investigators

A vila, Conxita, Postdoctoral Associate, Centre d'Estudis Avancats de

Blanes, Blanes. Spain

Chikarmane. Hemant. Assistant Scientist. MBL
Leighton. Stephen B., Biomed. Engineenng/Instrumen. Branch.

NCRR-NIH

Laboratory of Rudolf Oldenbourg

We study physical optics relevant to microscopic imaging and

develop advanced instrumentation in light microscopy for the study of

structural dynamics in cells and cell components. The current focus of

this new laboratory is the development of a novel polarized light

microscope that combines polarization optics with new electro-optical

components, video, and digital image processing for a fast analysis of

specimen anisotropies over the entire viewing field at the highest

resolution of the light microscope. Biological mechanisms to be

explored with this new instrument range from the emergence and

functional role of filamentous structures in living cells, to the

generation of ordered domains in liquid crystals and polymer

solutions. The laboratory currently investigates the distribution and

dynamics of spindle microtubules directly in living cells (fertilized sea

urchin eggs and newt lung cells).

Staff

Oldenbourg, Rudolf, Associate Scientist

Mei, Guang, Research Associate

Knudson, Robert. Instrumentation Engineer

Laboratory1 ofNancy Rafferty

This laboratory investigates the role of the lens cytoskeleton and its

associated proteins in the maintenance of lens shape, in lens

accommodation and development of cataract when the cytoskeleton is

disrupted. Studies include an assessment of the role of cytosolic free

calcium on homeostasis of the lens cytoskeleton. the localization of

various cytoskeletal proteins in lens epithelium, and determination of

the relative amounts of soluble actin to filamentous actin in lens cells

during aging. Most of these studies employ an elasmobranch fish and

rabbit model using primary cultures of lens epithelium and electron

and immunofluorescence microscopy.

Staff

RafTerty, Nancy S., Scientist. Northwestern University

Ratferty, Keen A., Research Associate

Laboratory ofMonica Riley

Research in this laboratory focuses on the molecular evolution and

gene expression in the bacterium Escherichia coli. In a collaborative

effort, a database containing information on the intermediary

metabolism and biochemical pathways of E. coli is being developed.

When completed, this database is expected to contain information on

each metabolic reaction, the enzyme, the reactants, products,

cofactors, activators, inhibitors, kinetics, equilibrium constants,

binding constants, etc.

Related research is on the evolution of the E. coli DNA and

organization of the genes in the chromosome. Comparative nucleotide

and amino acid sequence data provide information on the

evolutionary relationships of E. coli genes to other genes in the E. coli

genome and to homologous genes in related bacteria.

Staff

Riley. Monica. Senior Scientist

Pellegrino-Toole. Alida. Research Assistant

Laboratory ofSensory Physiology

Since 1973, The Laboratory has conducted research on various

aspects of vision. Current investigations focus on structural,

functional, and evolutionary questions concerning visual pigments.

The chemical basis of color vision is investigated principally with

light-microscope-based absorption spectroscopy. In collaboration with

other laboratories, we study gene sequences and evolutionary aspects
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of visual pigments aimed at revealing the molecular mechanisms

responsible for spectral tuning.

Staff

Harosi, Ferenc I., Associate Si unnst, MBL. and Boston University

School of Medicine

Visiting Investigatt s

Hawryshyn, Craig W., University of Victoria, Canada

Schmitt, Ellen A., and Dowling, John E., Harvard University

Kelly, Mary E.. and Barlow, Robert B. Jr., Syracuse University

Solessio, Eduardo, and Engbretson, Gustaf, Syracuse University

Laboratory ofOsamu Shimomura

Various biochemical mechanisms involved in the bioluminescence

of different luminous organisms are investigated. Based on the results

obtained in this laboratory, various improved forms of bioluminescent

probes are designed and produced for the measurements of

intracellular free calcium and superoxide anion.

Staff

Shimomura, Osamu, Senior Scientist, MBL, and Boston University

School of Medicine

Shimomura, Akemi. Research Assistant

Laboratory of Raquel Sussman

We investigate the molecular mechanism of DNA damage-inducible

functions in E. colt. Present studies deal with novel genes that affect

radiation-induced mutagenesis and analysis of RecA functions. In

addition, we have been developing techniques for genomic mapping

and collaborating in the isolation of neuronal genes in squid.

Staff

Sussman, Raquel, Associate Scientist

I 'isiting Investigators

Wangh. Larry. Brandeis University

Berberian, Graciela. Institute de Investigacion Medica. Cordoba,

Argentina

Molecular Evolution Program

The major re >.< effort of this laboratory is the structure analysis

of ribosomal RN hrities between small subunit ribosomal

RNA sequencer , infer the evolutionary history of

eukaryotic micro. d to design molecular probes for studies

in marine ecology.

Staff

Sogin, Mitchell L., Director and Senior Scientist

Gunderson, John. Research Associate

Hinkle. Greg, Postdoctoral Fellow

Leipe, Detlev, Postdoctoral Fellow

Morrison. Hillary, Postdoctoral Fellow

Silberman. Jeffrey, Postdoctoral Fellow

National Vibrating Probe Facility

The past year has seen a pronounced shift in interest from the

Facility's tool of long standing, the vibrating probe, to the recently

developed ion-selective probe. Twenty-four off-campus investigators

have visited the Facility this past year, and nearly all of them have

exploited the unique qualities of this newly invented

electrophysiological technique. Studies have ranged from measuring

calcium flux across growing pollen tubes, through developmental

currents and pancreatic beta cell transmembrane ion flux, to

monitoring free-radical attacks on cultured neurons. The forthcoming

year promises further developments of magnesium-selective probes

and the first animal experiments with the ground-breaking BioKelvin

probe.

Staff

Jaffe, Lionel F.. Director Emeritus

Smith, Peter J. S., Director

McLaughlin, Jane A., Research Assistant

Sanger. Richard H., Senior Electronics Technician

Shipley. Alan M., Research Associate

Sabbatical I 'isitors

Kunkel, Joseph, University of Massachusetts. Amherst

Ryan. James, Hobart and William Smith College

I 'isiting Investigators

Allen. Nina, Wake Forest

Baikie, Iain, Aberdeen, U.K.

Fishman, Harvey. Texas A & M University

Hill, Susan, Michigan State

Kaczmarek, Leonard, Yale University

Knox. Ronnie, Yale University

Leech. Colin, Harvard University and Massachusetts General Hospital

Marcus, Daniel, Omaha, NB
Nagel, Wolfram, Munich, Germany
Pierson, Elisabeth. Siena. Italy

Shepherd, Dave, Southampton, U.K.

Tytell, Mike, Wake Forest

Wright, Jonathan. McMaster University
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Friday Evening Lectures

Hans Moravec. Robotics Institute. Carnegie Mellon University, June

25, "The Age ofMind"

Juergen Tautz, Theodor-Boven-Institut der Universitaet, July 2,

"Aircraft Detectors, Combination Locks, and Trap Triggers:

Functional Diversity in Insect Mechanosensory Hairs"

Bruce M. Alberts, President, National Academy of Sciences. July 9,

"The Centmsome: Organizer ofthe Cytoplasm in the Early

Drosophila Embryo"
Sten Grillner, Karolinska Institute!, Forbes Lectures July 15 and 16,

"Cellular Mechanisms Used to Control Timing in a Pattern-

Generating Network" and "How Does the Lamprey Nervous System

Make the Lamprey Swim? Integration Between the Networks

Controlling Locomotion and Equilibrium"

Norman R. Pace, Indiana University. July 23, "Seeing the Unseen:

Opening the Door Onto the Natural Microbial World"

Shirley Tilghman, Princeton University, July 30, "Parental Imprinting

in the Mouse"

J. Michael Bishop, University of California, San Francisco. August 6,

"Wayward Cells: The Genesis ofHuman Cancer"

Gene E. Likens, Mary Flagler Carey Arboretum, August 13, "Human-

Accelerated Environmental Change: An Ecologist's View"

Arnold J. Levine, Princeton University, August 20, "Genes Involved in

Inherited and Spontaneous Human Cancer: The p-53-mdm-2

Suppressor Gene"

Fellowships and Scholarships

In 1993. the MBL awarded research fellowships amounting to $131,076 to 22 scientists from around the world who investigated

topics ranging from creating computer models of neural networks, to real-time visualization of DNA replication in mammalian

nuclei, to studying kinesin and motor proteins in mitosis and organelle transport. The MBL's educational and training program

attracted more than 400 students who participated in the most extensive course schedule yet offered at the Laboratory. Scholarship

awards totalling $104,098 helped to underwrite this important program.

Donors who made a gift to the Fellowship and Scholarship Program during 1993 are noted below in bold letters. The 1993 recipients

of the awards are listed below in italics along with their institutions.

MBL Research Fellowships Awarded in 1993:

ROBERT DAY ALLEN FELLOWSHIP FUND
Drs. Jean and Joseph Sanger

Fatima A' Gyoeva. Russian Academy ofSciences

FREDERIK B. BANG FELLOWSHIP FUND
Mrs. Betsy G. Bang

Nancy Standard. University ofCambridge

JOHN O. CRANE FELLOWSHIP FUND
Hollis Cline, University of Iowa

DAN FUND
Drs. Joseph and Jean Sanger, Mrs. Eleanor Steinbach

FRIES FELLOWSHIP
the Estate of Anna B. Fries

M.G.F. FUORTES FELLOWSHIP FUND
Sig/unde Gramo/l. Emory University

GRASS ENDOWMENT FUND
Mrs. Ellen R. Grass, Grass Foundation

Jim H Belanger, University ofArizona

Heather Cook, University of Toronto

Lise Eliot. Baylor College ofMedicine

William C. Lemon, University ofArizona

Abdel El Mantra. Karolinska Institute! for Neurophysiology

Andrew Olson, University of Pennsylvania

Angel Manuel Pastor-Loro, University ofSevilla
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Haohua Quian, Harvard University

Svlvia Ryckebusch, California Institute of Technology

Ferdinand Sven I'ilim, Columbia University

Philip Wahl, Royal Danish School ofPharmacy

Samuel Sheng-Hung Wang, Hopkins Marine Station,

Stanford University

LAKIAN RESEARCH FELLOWSHIPS
Lakian Foundation

Timothv Bestor, Howard Medical School

Jonathan M. Scholey. University of California, Davis

LAKIAN POST-DOCTORAL SCHOLAR
Lakian Foundation

Joseph I'allino. Scripps Institution of Oceanography

JAMES s. MCDONNELL FOUNDATION FELLOWSHIP
Vladimir I. Makarenko. Russian Academy ofSciences, Institute of

Mathemalic Problems ofBiology

JAMES A. AND FAITH MILLER FELLOWSHIP FUND
A/an 1 Constance Lane. University of California. Berkeley

NIKON INC. FELLOW
Nikon, Inc.

Vladimir I. Gelfand. University of California, San Francisco

EVELYN AND MELVIN SPIEGEL FELLOWSHIP
Drs. Joseph and Jean Sanger, Sprague Foundation, Inc.

H. B. STEINBACH FELLOWSHIP FUND
Mrs. H. Burr Steinbach

Jonathan Wright. McMaster University

MBL Steps Toward Independence (STEPS) FELLOWSHIP
FUND

Dr. Shinya Inoue, Dr. J. P. Trinkaus

Hollis Cline. University ofIowa

Jeffery R Demarest. University ofArkansas

Siglunde Gramott. Emory University

Fatima K. Gyoeva. Russian Academy ofSciences

Sergei A. Kuznetsov. Moscow State University

Elisabeth Pierson. University ofSiena

Takashi Shimizu. National Institute ofBioscience &
Human Technology

Nancy Standard. University ofCambridge
Jonathan Wright, McMaster University

HORACE W. STUNKARD FELLOWSHIP FUND
the Estate of Horace W. Stunkard

Hollis Cline, University ofIowa

MBL Research Fellowships and Scholarships

Awarded in 1993 (Combined funds):

BERNARD DAVIS FELLOWSHIPS AND SCHOLARSHIPS
Dr. Porter W. Anderson, Jr.

Alain Brauman. Centre ORSTOM
Gabriele Fischer, University ofKonstanz

Eric Frings, University ofBonn

Lee Hughes. University ofNorth Texas

Shahid Khan, Albert Einstein College of Medicine

Jill Kreilmg. West Virginia University

Eva Lindslrom, Uppsala University

Magdalena Martinez-Caname. University ofMedicine and

Dentistry ofNew Jersey

Margrel More. Cornell University

Clifford Ochs. University ofMississippi

FRANK R. LILLIE FELLOWSHIP AND SCHOLARSHIP
FUND
Malcolm Logan, National Institute for Medical Research

Steven Myster. University ofMinnesota

Clifford Ochs. University ofMississippi

Fumio Oosawa. Aichi Institute of Technology

Rafael Rosenzweig. University ofIdaho

WILLIAM TOWNSEND PORTER FELLOWSHIP AND
SCHOLARSHIP FUND

Sharon Beresford. SUNY. Stony Brook

Timothy C. Dawson. University ofKansas

Roberto Gonzales, University of Texas. San Antonio

Raauell Holmes. Tufts University

Michelle Johnson. Howard University

Maxine Kellman. VA-MD Regional College of Veterinary Medicine

Winston Thompson. University ofMedicine and Dentistry of

New Jersey

HERBERT W. RAND FELLOWSHIP AND
SCHOLARSHIP FUND

Bernhard E F/ucher. National Institutes ofHealth

Antony Galione. Oxford University

Hirovoshi Miyakawa. Yainagata University School ofMedicine

Farzan Nadim. Boston University

Erich A Nigg. Swiss Institute for Experimental Cancer Research

MBL Scholarships Awarded in 1993:

AMERICAN SOCIETY FOR CELL BIOLOGY
SCHOLARSHIPS

American Society for Cell Biology

Sharon Beresford. SUNY. Stony Brook

Roberto Gonzales, University of Texas. San Antonio

Raquell Holmes, Tufts University

Michelle Johnson. Howard University

Maxine Kellman. VA-MD Regional College of Veterinary Medicine

Thandi Onami. Scripps Institution ofOceanography

Winston Thompson. University ofMedicine and Dentistry of

New Jersey

BIOLOGY CLUB OF THE CITY OF NEW YORK
SCHOLARSHIP FUND
Madelyne Kraft. City College

FATHER ARSENIUS BOYER SCHOLARSHIP FUND
Joshua Gold. Stanford University School ofMedicine

C. LALOR BURDICK SCHOLARSHIP FUND
Christina McKittrick. Rockefeller University

GARY N. CALKINS SCHOLARSHIP FUND
Tim Stedman, Virginia Commonwealth University
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FRANCES S. CLAFF SCHOLARSHIP FUND
Giulio Ghersi, Universitd di Palermo

EDWIN GRANT CONKLIN SCHOLARSHIP FUND
Tim Stedman. I 'irginia Commonwealth University

Adam Slrassberg. California Technological Institute

LUCRETIA CROCKER SCHOLARSHIP FUND
Parian Nadim, Boston University

Oyslein O/sen. University ofGlasgow

WILLIAM F. AND IRENE C. DILLER SCHOLARSHIP
FUND

Joshua Gold, Stanford University School of Medicine

Steven Myster, University of Minnesota

CASWELL GRAVE SCHOLARSHIP FUND
Jorge Huete-Pere:, University ofSan Paulo-Ribeirao Preto

Malcolm Logan, National Institute for Medical Research

ALINE D. GROSS SCHOLARSHIP FUND
Mr. and Mrs. Alfred Weisberg

Gabrielle Kardon. Duke University

WILLIAM RANDOLPH HEARST EDUCATIONAL
ENDOWMENT SCHOLARSHIPS

Clare Baker. Wellcome/CRC Institute

Elizabeth Callery, University of Toronto

Gabrielle Kardon. Duke University

JOHN D. AND CATHERINE T. MACARTHUR
FOUNDATION SCHOLARSHIPS

Niklas Ah/borg. Stockholm University

Lisa Barthel. Northwestern University

Paul Bloch. Danish Bilharziasis Laboratory

Marcelo Briones, Escola Paulisla de Medicine

Fidel de la Cru: Hernande:, C1NVESTA V-IPN Mexico

Wolfgang Hoffmann, University of Tubingen

David Horn, Rockefeller University

Jorge Huete-Pere:, University ofSan Paulo-Ribeirao Preto

Catharine Johnson, John Hopkins College of Veterinary Medicine

Ma\me Kellman, l'A-MD Regional College of Veterinary Medicine

Johannes Koeller, University ofMunich

Fatirna Noronha, Universidad Federal de Minus Gerais

Levi Omara, INGEBI
Simon Paul. Rockefeller University

Barbara Rick. Zoologisches Institute der Universitat Bonn

Paul Sel:er. Universitat Tubingen

Tim Stedman. Virginia Commonwealth University

Jan Tachezy. Charles University

James Tang. University of Queens/and

S. O. MAST MEMORIAL FUND SCHOLARSHIPS
Craig Powell. Baylor College of Medicine

Orian Shirihai. Technion-Israel Institute of Technology

ALLEN R. MEMHARD MEMORIAL FUND
SCHOLARSHIPS

Constance Moore. University oj Nebraska Medical Center

HOWARD HUGHES MEDICAL INSTITUTE
EDUCATIONAL PROGRAM SCHOLARSHIP FUNDING

Sharon Beresford. SUNY. Stony Brook

Roberto Gonzales. University of Texas. San Antonio

Raquell Holmes, Tufts University

Michelle Johnson. Howard University

Dmitri Krylov. Oregon Slate University

Farzan Nadim. Boston University

Thandi Onami. Scripps Institution of Oceanography

Janine Simmons. University of California, Los Angeles.

School ofMedicine

Johanna Speksmjder. Hubrecht Laboratory

Winston Thompson, University ofMedicine and Dentistry of

New Jersey

Anne Warner. Dartmouth College

Clare Waterman-Storer. University ofPennsylvania

Veterinary School

Cheng Zhu. Georgia Institute of Technology

MERKEL H. JACOBS SCHOLARSHIP FUND
Marlene Bartos. Technische Universitat Miinchen

ARTHUR KLORFEIN SCHOLARSHIP FUND
Marlene Bartos. Technische Universitat Miinchen

Heidi Scrable. University of Cincinnati College of Medicine

Orian Shirihai. Technion-Israel Institute of Technology

Deborah Sodickson, Howard Medical School

Kristina Wietasch. Harvard Medical School

JACQUES LOEB FOUNDERS' SCHOLARSHIP FUND
Christina McKitlrick. Rockefeller University

MICHIGAN STATE UNIVERSITY CENTER FOR
MICROBIAL ECOLOGY SCHOLARSHIP
Maria Uria-Nickelsen. University of Connecticut

ALBERTO MONROY FOUNDATION SCHOLARSHIP
Giulio Ghersi, Universitd di Palmero

JAMES S. MOUNTAIN MEMORIAL FUND, INC.

SCHOLARSHIPS
Dr. Isabel Mountain

Katherine Armstrong, Stanford Medical School

Diane Frank, University of Wisconsin-Madison

Keith Kozminski. Yale University

Thandi Onami. Scripps Institution of Oceanography

Alexander Travis, University ofPennsylvania Medical Center

PLANETARY BIOLOGY INSTITUTE SCHOLARSHIPS
Tsute Chen, University ofMassachusetts

Lee Hughes. University ofNorth Texas

MOSHE SHILO MEMORIAL SCHOLARSHIP FUND
Dr. Silke Bernhard, Dr. and Mrs. Bernard D. Davis, B.

DeRothschild Foundation, Dr. Edward Goldberg, Prof. Gerhard

Gottschalk, Dr. E. Peter Greenberg, Dr. and Mrs. Harlyn O.

Halvorson, Israel Academy of Sciences and Humanities, Dr.

Wolfgang Krumbein, Dr. and Mrs. Laszlo Lorand, Dr. Joel

Mandelstam, Dr. Richard Mateles, Mrs. David Shemin, Mrs.

Miriam Shilo, Dr. Melvin I. Simon
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SOCIETY FOR DEVELOPMENTAL BIOLOGY
SCHOLARSHIPS

Kristine Artinger, University ofCa : n'nia, Irvine

Sunita Gupta. SUNY. Stout
'

Karel Liem. Jr. Colitniht. -.crsity

Hyla Sweet, University '.MS, Austin

SOCIETY FOR GENERAL PHYSIOLOGY
SCHOLARSHIPS

Cheng Zhu, Georgia Institute of Technology

MARJORIE W. STETTEN SCHOLARSHIP FUND
Craig Powell. Baylor College of Medicine

WILLIAM MORTON WHEELER FAMILY FOUNDERS'
SCHOLARSHIPS

Richard Kollmar, University of Wisconsin-Madison

Orian Shirihai. Technion-Israel Institute of Technology

CARL ZEISS, INC. SCHOLARSHIPS
Carl Zeiss, Inc.

William Miller, University of California. Davis

Claudia Ochalt. INGEB1

Wenying Shou, Pomona College

Post-Course Research Support:

UNIVERSAL IMAGING CORPORATION
Sharon Beresford. SUNY. Stony Brook

Robbert Cretan, University of Utrecht

Alex Travis, University ofPennsylvania Medical Center

CARL ZEISS, INC.

Jill Kreilmg, West Virginia University

Stanley Jones lyadurai. University ofMinnesota

Heidi Scrable. University ofCincinnati College ofMedicine



Board of Trustees and Committees

Corporation Officers and Trustees

Chairman of the Board of Trustees. Sheldon J.Segal, The Population

Council, New York, NY
Vice Chairman of the Board of Trustees, Robert E. Mainer, The

Boston Company, Boston, MA
President of the Corporation, James D. Ebert, Johns Hopkins

University, Baltimore, MD
Director and Chief Executive Officer. John E. Burris, Marine

Biological Laboratory, Woods Hole, MA*
Chair of the Science Council. Dr. George M. Langford. Dartmouth

College, Hanover, NH*
Treasurer, Robert D. Manz, Helmer & Associates. Waltham, MA*
Clerk of the Corporation, Neil Jacobs, Hale and Dorr, Boston, MA

Class of 1997

Frederick Bay, The Bay Foundation, New York, NY
Martha W. Cox, Nantucket, MA
Mary J. Greer, Cambridge, MA
Thomas D. Pollard, John Hopkins Medical School. Baltimore, MD
William C. Steere, Jr., Pfizer Inc., New York, NY
Gerald Weissmann, New York University School of Medicine, New

York, NY

Class of 1996

Norman Bernstein, Diane and Norman Bernstein Foundation,

Washington, DC
Alexander W. Clowes, University of Washington School of Medicine,

Seattle, WA
Eric H. Davidson. California Institute of Technology. Pasadena. CA
Robert D. Goldman, Northwestern University Medical School,

Chicago, IL

Paul A. Marks, Memorial Sloan-Kettering Cancer Center, New York,

NY
Irving W. Rabb, University Place at Harvard Square, Cambridge, MA

Class of 1995

Robert E. Mainer, The Boston Company, Boston, MA
Neil Jacobs, Hale and Dorr, Boston. MA

* Ex officio

Mary-Ellen Cunningham, Grosse Pointe Farms, MI

Edward A. Kravitz, Harvard Medical School, Boston, MA
Philip Needleman, Searle Research & Development, Skokie, IL

Class of 1994

William L. Brown, Weston, MA
Franklin M. Loew, Tufts University School of Veterinary Medicine,

North Grafton, MA
Joan V. Ruderman, Harvard University School of Medicine, Boston,

MA
Henry H. Schmidek. Manon, MA
Sheldon J. Segal, The Population Council, New York, NY

Honorary Trustees

Honorary Chairman of the Board of Trustees, Denis M. Robinson,

Key Biscayne, FL

William T. Golden, New York, NY
Ellen R. Grass, The Grass Foundation, Quincy, MA

Emeriti

Edward A. Adelberg, Yale University, New Haven, CT
John B. Buck, Sykesville. MD
Seymour S. Cohen, Woods Hole. MA
Arthur L. Colwin. Key Biscayne, FL

D. Eugene Copeland, Marine Biological Laboratory, Woods Hole. MA
Sears Crowell, Indiana University, Bloomington, IN

Alexander T. Daignault, Boston, MA
Teru Hayashi, Woods Hole, MA
Ruth Hubbard, Cambridge, MA
Lewis Kleinholz, Reed College, Portland, OR
Maurice E. Krahl. Tucson. AZ
Charles B. Metz, Miami, FL

Keith R. Porter, University of Pennsylvania, Philadelphia, PA

C. Ladd Prosser, University of Illinois, Urbana, IL

S. Meryl Rose. Waquoit. MA
W. D. Russell-Hunter, Syracuse University, Syracuse, NY
John W. Saunders, Jr., Waquoit, MA
Mary Sears, Woods Hole, MA
David Shepro, Boston University, Boston, MA
Homer P. Smith, Woods Hole, MA
D. Thomas Trigg, Wellesley, MA
Walter S. Vincent, Woods Hole, MA
George Wald, Cambridge, MA
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Executive Committee of the Board of Trustees

Sheldon J. Segal, Chairman

Frederick Bay. 1997

William Brown, 1994

John E. Burris*

Mary-Ellen Cunningham,
Robert D. Goldman, 1996

George Langford*

Robert E. Mainer. Vice-Chairman

Robert Manz*

Thomas D. Pollard. 1997

Gerald Weissmann. 1997

Trustee Committees

Development
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Melvin Spiegel

Antoinette Steinaeher

Research Services

Peter Armstrong, Chairman

Neal Cornell

Richard Cutler*

*
E.\ officio

Barbara Ehrlich

Kenneth Foreman

Joseph Ilan

Aimlee Laderman

Jack Levin

Andrew Mattox*

Robert Palazzo

James Quigley

Peter J.S. Smith

Paul Steudler

Mark Tykocinski

Research Space

Hans, Laufer, Chairman

Paul DeWeer

David Landowne

Eduardo Macagno
Andrew Mattox*

Jerry Melillo

Robert Silver

Steven Treistman

Ivan Valiela

Richard Vallee



Laboratory Support Staff*

Biological Bulletin

Clapp, Pamela L., Managing Editor

Gibson, Victoria R.

Liles, Beth R.

McCaffrey, Karen

Controller's Office

Speer, John W., Controller

Accounting Services

Atonso. Janis E.

Binda, Ellen F.

Campbell, Ruth B

Davis. Doris C.

Ghetti, Pamela M.

Gilmore, Mary F.

Hobbs, Roger W., Jr.

Poravas. Maria

Chem Room
Schorer, Timothy M.

Shepherd. Denise M.

Purchasing

Hall, Lionel E.. Jr.

Shepherd, Denise M.

Director's Office

Bums, John E., Director and CEO
Burrhus. I. Elaine-

Catania, Didia

Kaufmann, Sandra J.

Nelson, Mary F.

External Affairs

Carotenuto, Frank C., Director

Aspinwall, Duncan P.

Berthel, Dorothy

Faxon, Wendy P.

Lessard, Kelley J.

Nelson, Mary F.

*
Including persons who joined or left the

staffduring 1993

Associates Program

Armstrong, Ellen P., Liaison

Brown, M. Kathryn S.

Dilono, Anne E.

Communications Office

Clapp. Pamela L.. Director

Liles, Beth R
Moorhouse, Laura A.

Housing

King, LouAnn D., Conference Center and

Housing Manager
Johnson, Frances N.

Telephone Office

Baker, Ida M.

Geggatt. Agnes L.

Ridley, Alberta W.

Hitman Resources

Goux, Susan P., Manager

Donovan, Marcia H.

MBL/WHOl Library

Stonehill, David L., Director. MBL/WHOI
Library Center

Ashmore. Judith A.

Costa, Marguerite E.

Mirra, Anthony J.

Monahan, A. Jean

Nelson, Heidi

Pratson, Patricia G.

deVeer, Joseph M.

Zuwallack, Ronald

Copy Service Center

Mountford, Rebecca J.

Barry, Maureen

Jesse, Martha V.

Mancini, Mary

Ridley, Sherie

Tebeau, Christopher

Supervisor

Information Systems Division

Norton, Catherine N., Director

Hamre, Lynne

Remsen, David

Renna. Denis J.

Space. David B.

Tollios, Constantine D.

Safety Services

Mattox, Andrew H., Safety Officer

Apparatus

Barnes, Franklin D.

Haskins. William A.

Martin, Lowell V.

Nichols, Francis H., Jr.

Shipping and Receiving

Collins, Paul J

Geggatt. Richard E

Illgen. Robert F.

Luther, Herbert

Services, Projects, and Facilities

Cutler, Richard D., Manager
Enos, Joyce B.

Kurland. Charles I.

Building Services and Ground,':

Hayes, Joseph N., Superintendent

Allen, Wayne D.

Anderson, Lewis B.

Barnes, Susan M.

Beaudoin, Helen

Boucher, Richard L.

Collins, Paul J

Conlin, Henry P.

Dorris, John J.

Dutra, Roger S., Jr.

Gibbons, Roberto G.

Gonsalves, Walter W., Jr.

Krajewski. Viola I.

Lynch. Henry L.

R50



Laboratory Support Staff R51

Mancini. Mary



Members of the Corporation*

Life Members

Adelberg, Edward A., Provost's Office, Yale University, 1 1 5 Hall of

Graduate Studies. New Haven, CT 06520

Amatniek, Ernest, 4797 Boston Post Road, Pelham Manor. NY 10803

Bang, Betsy G., 76 F.R. Lillie Road, Woods Hole, MA 02543

Bartlett, James H., Department of Physics, University of Alabama.
Box 870324, Tuscaloosa, AL 35487-0324

Bernheimer, Alan W., Department of Microbiology, New York

University Medical Center. 550 First Ave., New York, NY 10016

Bertholf, Lloyd M., Westminster Village #2114, 2025 E. Lincoln St.,

Bloomington, IL 61701-5995

Bridgman, A. Josephine, 913 Wesley Woods Towers. 1825 Clifton

Rd., NE, Atlanta, GA 30329

Buck, John B., 7200 Third Ave., #C020, Sykesville, MD 21784

Burbanck, Madeline P., Box 15134, Atlanta, GA 30333

Burbanck, William D., Box 15134, Atlanta. GA 30333

Carlson, Francis D., Johns Hopkins University, Biophysics

Department, Jenkins Hall. N. Charles Street, Baltimore, MD 21218

Clark, Arnold M., 53 Wilson Rd., Woods Hole, MA 02543

Cohen, Seymour S., 10 Carrot Hill Rd., Woods Hole, MA 02543-1206

Colwin, Arthur L., 320 Woodcrest Rd., Key Biscayne, FL 33149

Colwin, Laura Hunter, 320 Woodcrest, Key Biscayne, FL 33149

Copeland, D. E., 4 1 Fern Lane, Woods Hole, MA 02543

Corliss, John O., P O. Box 53008, Albuquerque, NM 87153

Costello, Helen M., Carolina Meadows, Villa 137, Chapel Hill. NC
27514

Crouse, Helen, Address unknown

Dudley, Patricia L., Department of Biological Sciences, Barnard

College, Columbia University, 3009 Broadway, New York, NY
10027

Edwards, Charles, 2244 Harbour Court Drive, Longboat Key, FL
34228

Erulkar, Solomon D., 318 Kent Road, Bala Cynwyd, PA 19004

Failla, Patricia M., 2149 Loblolly Lane, Johns Island, SC 29455

Ferguson, James K. W., 56 Clarkehaven St.. Thornhill, Ontario L4J

2B4 Canada

*
Including action of the 1993 Annual Meeting.

Glusman, Murray, 50 E. 72nd St.. New York, NY 10021

Goldman, David, 63 Loop Rd.. Falmouth. MA 02540

Graham, Herbert, 36 Wilson Rd., Woods Hole, MA 02543

Green, James W., 409 Grant Ave., Highland Park, NJ 08904

Hamburger. Viktor, Department of Biology, Washington University,

St. Louis, MO 63 130

Hamilton, Howard L., Department of Biology. University of Virginia.

238 Gilmer Hall, Charlottesville, VA 22901

Harding, Clifford V., Jr., 54 Two Ponds Road, Falmouth. MA 02540

Haschemeyer, Audrey E. V., 2 1 Glendon Road. Woods Hole. MA
02543

Hauschka, Theodore S., FD1. Box 781, Damariscotta, ME 04543

Hisaw, F. L., 5925 SW Plymouth Drive. Corvallis. OR 97330

Hubbard, Ruth, 21 Lakeview Avenue, Cambridge, MA 02138

Humes, Arthur G., Boston University Marine Program. Marine

Biological Laboratory. Woods Hole, MA 02543

Hurwitz, Charles, Veterans Administration Hospital. Basic Science

Research Laboratory, Albany, NY 12208

Karush, Fred, Department of Microbiology. University of

Pennsylvania School of Medicine. Philadelphia. PA 19104-6076

Kille, Frank R., 1 1 I I S. Lakemont Ave. #444. Winter Park, FL 32792

(deceased)

kingsbury. John M., Department of Plant Biology. Cornell

University, Plant Science Building, Ithaca, NY 14853

Kli iiili.il/. Lewis, Department of Biology, Reed College. 3203 SE

Woodstock Blvd., Portland, OR 97202

Laderman, Ezra, Yale LIniversity, School of Music. New Haven. CT
06520

I.auffer, Max A., Address unknown

LeFevre, Paul G., 15 Agassiz Road, Woods Hole, MA 02543

Levine, Rachmiel, 2024 Canyon Rd.. Arcadia. CA 91006

Lochhead, John H., 49 Woodlawn Rd.. London SW6 6PS. England.

UK
I.oewus, Frank A., Washington State University, Institute of

Biological Chemistry. Pullman, WA 99164

l.oftfield, Robert B., Department of Biochemistry, LIniversity of New
Mexico School of Medicine, Albuquerque, NM 87131

Magruder, Samuel R., 270 Cedar Lane, Paducah, KY 42001

Malkiel, Saul, Allergic Diseases, Inc.. 130 Lincoln St.. Worcester, MA
1 609
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Martin, Lowell V., 10 Buzzards Bay Avenue. Woods Hole, MA 02543

Mathews, Rita W., Box 131, Southfield, MA 01259

Miller, James A., 307 Shorewood Drive, E. Falmouth, MA 02536

(deceased)

Moore, John A., Department of Biology, University of California,

Riverside, CA 92521

Moscona, Arthur A., University of Chicago. Department of Molecular

Genetics and Cell Biology. 920 East 58th Street, Chicago, IL 60637

Mullins, Lorin J., University of Maryland School of Medicine,

Department of Biophysics. Baltimore, MD 21201 (deceased)

Musacchia, Xavier J., P.O. Box 5054. Delia Vista. AR 72714-0054

Nasatir, Maimon, P. O. Box 379, Ojai, CA 93024-0379

Pollister, A. W., 8 Euclid Ave., Belle Mead. NJ 08502

Prosser, C. I.add, Department of Physiology, Burrill Hall 524,

University of Illinois, Urbana, IL 61801

Prytz, Margaret McDonald, Address unknown

Ratner, Sarah, Department of Biochemistry, Public Health Research

Institute, 455 First Ave., New York, NY 10016

Renn, Charles E., Address unknown

Reynolds, George, Department of Physics. Princeton University,

Jadwm Hall, Princeton, NJ 08544

Rice, Robert V., 30 Burnham Dr.. Falmouth, MA 02540

Richards, A. Glenn, 942 Cromwell Ave., St. Paul, MN 551 14

Rockstein, Morris, 600 Biltmore Way, Apt. 805, Coral Gables, FL

33134

Ronkin, Raphael R., 3212 McKinley St., NW, Washington, DC
20015-1635

Rose, S. Meryl, 32 Crosby Ln., E. Falmouth. MA 02536

Sanders, Howard, Woods Hole Oceanographic Institution, Woods

Hole. MA 02543

Sato, Hidemi, Faculty of Social Science, Nagano University,

Shiminogo, Ueda. Nagano 386-12, Japan

Saz, Arthur K, Georgetown University Medical School. Department

of Immunology, Washington, DC 20007

Scharrer, Berta, Department of Anatomy, Albert Einstein College of

Medicine, 1300 Moms Park Avenue, Bronx, NY 10461

Schlesinger, R. Walter, University of Medicine and Dentistry of New

Jersey. Department of Molecular Genetics and Microbiology.

Robert Wood Johnson Medical School. Piscataway, NJ 08854-5635

Schmitt, F. O., Room 16-512, Massachusetts Institute of Technology,

Cambridge, MA 02 139

Scott, Allan C., 1 Nudd St., Waterville, ME 04901

Silverstein, Arthur M., The Johns Hopkins Hospital, Johns Hopkins

University, Institute of the History of Medicine, 1900 E. Monument

Street, Baltimore, MD 21205

Smith, Homer P., 8 Quissett Ave., Woods Hole, MA 02543

Smith, Paul F., P. O. Box 264. Woods Hole, MA 02543

Sonnenblick, B. P., 515A Heritage Hill Village. Southbury, CT 06488

Steinhardt, Jacinto, 1 508 Spruce St., Berkeley. CA 94709

Stephens, Grover C., Department of Ecology & Evolutionary Biology.

School of Biological Sciences, University of California, Irvine. CA
92717

Taylor, Robert E., 20 Harbor Hill Rd.. Woods Hole, MA 02543

Trager, William, The Rockefeller University, 1230 York Ave., New

York, NY 10021-6399

Villee, Claude A., Harvard Medical School, Carol L. Countway

Library. 25 Shattuck Street, Boston, MA 021 15

Vincent, Walter S., 16 F.R. Lillie Rd.. Woods Hole, MA 02543

Wald, George, 2 1 Lakeview Ave., Cambridge, MA 02 1 38

Waterman, T. H., Yale University, 210 OML Biology Department,

Box 6666. New Haven. CT 065 1 1

Wiercinski, Floyd J., 21 Glenview Road, Glenview, IL 60025

Wigley, Roland L., 35 Wilson Rd.. Woods Hole, MA 02543

Wither, Charles G., Department of Biology, Forensic Science Lab,

Colorado State University, Fort Collins. CO 80523

Zinn, Donald J., Department of Zoology, University of Rhode Island.

Kingston, RI 0288 1

Zweifach, Benjamin W., 881 1 Nottingham Place, La Jolla, CA 92037

Members

Abt, Donald A., Marine Biological Laboratory, Laboratory for Marine

Animal Health. Woods Hole, MA 02543

Acheson, George H., 25 Quissett Ave., Woods Hole, MA 02543

Adams, James A., Florida A & M University, Department of Biology,

Tallahasee, FL 32307-0077

Adelman, William J., Jr., 160 Locust St., Falmouth, MA 02540

Afzelius, Bjorn, Address unknown

Alberte, Randall S., Department of Molecular Genetics and Cell

Biology. University of Chicago. 1 103 E. 57th Street, Chicago. IL

60637

Alkon, Daniel, 9000 Rockville Pike, 36-4A21, Bethesda, MD 20892

Allen, Garland E., Department of Biology, Washington University,

Box 1 137, One Brookings Drive, St. Louis, MO 63130-4899

Allen, Nina S., Department of Biology, Wake Forest University, Box

7325, Winston-Salem, NC 27109

Anderson, Everett, Department Cell Biology, Harvard Medical School,

25 Shattuck St., Boston, MA 021 15

Anderson, J. M., 1 10 Roat St., Ithaca, NY 14850

Anderson, Porter W., Department of Pediatrics, University of

Rochester Medical Center, Box 690, 601 Elmwood Ave., Rochester,

NY 14642

Armett-Kibel, Christine, Dean of Science Faculty. University of

Massachusetts. Boston, MA 02125

Armstrong, Clay M., Department of Physiology. University of

Pennsylvania Medical School, 8701 Richards Bldg., Philadelphia,

PA 19104-6085

Armstrong, Peter B., Section of Molecular/Cellular Biology,

University of California, Davis, CA 95616-8755

Arnold, John M., Pacific Biomedical Research Center, 209A Snyder

Hall. University of Hawaii. Honolulu, HI 96822-2233

Arnold, William A., 102 Balsam Rd., Oak Ridge, TN 37830

Ashton, Robert W., Esq., Bay Foundation, 1 8th Floor, 99 Wall St.,

New York, NY 10005

Atema, Jelle, Boston University Marine Program, Marine Biological

Laboratory, Woods Hole, MA 02543

Augustine Jr., George J., Department of Neurobiology. Duke

University Medical Center. PO Box 3209. Durham, NC 27710

Ayers, Donald E., 4607 1/2 MacArthur Blvd.. NW #B, Washington.

DC 20007-2533

Baccetti, Baccio, Institute of Zoology. University of Siena. 53100

Siena, Italy-

Baker, Robert G., Department of Physiology and Biophysics. New

York University Medical Center, 550 First Ave., New York, NY
10016

Baldwin, Thomas O., Department of Biochemistry and Biophysics,

Texas A&M University, College Station, TX 77843

Barlow, Robert B., Jr., Institute for Sensory Research, Syracuse

University, Merrill Lane, Syracuse, NY 13244-5290

Barry, Daniel T., 2415 Fairwind Dr., Houston. TX 77062-4756
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Barry, Susan R., Mount Holyoke College, Dept. of Biological

Sciences, So. Hadley, MA 01075

Bartell, Clelmer K., 2000 Lake Shore Drive, New Orleans, LA 70122

Bass, Andrew H., Seely Mudd Hall, Department of Neurobiology,

Cornell University, Ithaca, NY 14853

Battelle, Barbara-Anne, Whitney Laboratory, University of Florida,

9505 Ocean Shore Blvd., St. Augustine, FL 32086

Bauer, G. Eric, Department of Anatomy, University of Minnesota,

Minneapolis, MN 55455 (dropped)

Bay, Frederick, Bay Foundation, 99 Wall St., 18th FL, New York, NY
10005

Baylor, Edward R., P. O. Box 93, Woods Hole, MA 02543 (deceased)

Baylor, Martha B., P. O. Box 93, Woods Hole, MA 02543

Bearer, Elaine L., Division of Biology & Medicine, Department of

Pathology, Brown University, Box G, Providence, RI 02912

Beauge, Luis Alberto, Department of Biophysics, Institute M.y.M.

Ferreyra, Casilla de Correo 389, 5000 Cordoba, Argentina

Beck, Lyle V., 2455 Tamarack Trail, Apt. 8, Bloomington, IN 47408

Begenisich, Ted, Department of Physiology, University of Rochester.

Medical Center, Box 642, 601 Elmwood Ave., Rochester, NY
14642

Begg, David A., Department of Anatomy & Cell Biology, University

of Alberta, Edmonton. Alberta T6G 2H7, Canada

Bell, Eugene, 305 Commonwealth Avenue. Boston, MA 02 1 1 5

Benjamin, Thomas L., Harvard Medical School, Pathology, D2-230,

200 Longwood Avenue. Boston, MA 021 15

Bennett, M. V. L., Albert Einstein College of Medicine, Department

of Neuroscience. 1410 Pelham Pkwy. S., Bronx, NY 10461

Bennett, Miriam F., Department of Biology, Colby College,

Waterville, ME 04901

Berg, Carl J., Jr., P. O. Box 769, Kilauea, Kauai, HI 96754-0769

Berlin, Suzanne T., 5 Highland St., Gloucester, MA 01930

Berne, Robert M., Department of Physiology, University of Virginia,

School of Medicine, Box 1 16, MR4, Charlottesville, VA 22908

Bernstein, Norman, Diane and Norman Bernstein Foundation. Inc..

5301 Wisconsin Ave., #600, Washington, DC 20015-2015

Bezanilla, Francisco, Department of Physiology, University of

California, Los Angeles, CA 90024

Biggers, John D., Department of Physiology, Harvard Medical

School, Boston, MA 02 1 1 5

Bishop, Stephen H., Department of Zoology, Iowa State University,

Ames, IA 50010

Blaustein, Mordecai P., Department of Physiology. School of

Medicine, University of Maryland. 655 W. Baltimore Street,

Baltimore, MD21201
Bloom, George S., Department of Cell Biology and Neuroscience. The

University of Texas Southwestern Medical Center, 5223 Harry

Hines Blvd., Dallas, TX 75235-9039

Bloom, Kerry S., Department of Biology. Liniversity of North

Carolina, 623 Fordham Hall. Chapel Hill, NC 27516

Bodznick, David A., Department of Biology, Wesleyan University.

Lawn Avenue, Middletown, CT 06457

Boettiger, Edward G., 29 Juniper Point, Woods Hole, MA 02543

Boolootian, Richard A., Science Software Systems. Inc., 3576

Woodchff Rd., Sherman Oaks. CA 91403

Borgese, Thomas A., Department of Biology, Lehman College.

CUNY, Bedford Park Blvd., West, Bronx, NY 10468

Borisy, Gary G., Laboratory of Molecular Biology, University of

Wisconsin. Madison, Wl 53706

Borst, David W., Jr., Department of Biological Sciences, Illinois State

University, Normal, IL 61790-4120

Bosch, Herman F., Box 617, Woods Hole, MA 02543

Bowles, Francis P., P. O. Box 674. Woods Hole, MA 02543

Boyer, Barbara C., Department of Biology, Union College,

Schenectady, NY 12308

Brandhorst, Bruce P., Department of Biological Sciences, Simon

Fraser University. Barnaby, BC V5A 156, Canada

Brinley, F. J., Neurological Disorders Program. NINCDS. NIH, 812

Federal Building, Bethesda. MD 20892

Brown, Joel E., Albert Einstein College of Medicine, 506 Kennedy

Center. 1400 Pelham Parkway, Bronx, NY 10461 (resigned)

Brown, Stephen C., Department of Biological Sciences, SUNY,

Albany, NY 12222

Brown, William L., Retired Chairman, Bank of Boston, 100 Federal

St. 01-23-11, Boston, MA 02106-2016

Browne, Carole L., Department of Biology, Wake Forest University,

Winston-Salem, NC 27109

Browne, Robert A., Department of Biology, Wake Forest University,

Box 7325, Winston-Salem, NC 27109

Bryant, Shirley H., Department of Pharmacology and Cell Biophysics,

ML 575, University of Cincinnati, Cincinnati, OH 45267

Bucklin, Anne C., University of New Hampshire, Ocean Process

Analysis Lab, 142 Morse Hall, Durham, NH 03824

Bullis, Robert A., Marine Biological Laboratory, LMAH, Woods

Hole. MA 02543

Burd, Gail Deerin, Department of Molecular and Cell Biology, Life

Sciences South, Rm 444, University of Arizona, Tucson, AZ 85721

Burdick, Carolyn J., Department of Biology, Brooklyn College. 2900

Bedford Avenue. Brooklyn, NY 1 1210

Burger, Max, Freidrich Miesner Institut Bau 1060 Postfach 2543,

Basel 4002, Switzerland

Burgos, Mario, IHEM Medical School, UNC Conicet, Casilla de

Correo 56, 5500 Mendoza. Argentina

Burky, Albert, Department of Biology, University of Dayton, Dayton,

OH 45469

Burris, John E., Marine Biological Laboratory, Woods Hole, MA
02543

Burstyn, Harold L., Morrison Law Firm, The Morrison Building. 145

North Fifth Avenue, Mt. Vernon, NY 10550

Bursztajn, Sherry, Harvard Medical School, Mailman Research

Center. 115 Mill St.. Belmont, MA 02178

Busa, William, Department of Biology, Johns Hopkins University,

3400 N. Charles St., Baltimore, MD 21218

Calabrese, Ronald L., Department of Biology, Emory University.

1555 Pierce Drive. Atlanta, GA 30322

Callaway, Joseph C., Department of Physiology, New York Medical

College, Basic Sciences Bldg., Valhalla. NY 10595

Calvin, Katherine Graubard, University of Washington, Department

of Zoology, NJ-15. Seattle, WA 98195

Cameron, Andrew, Department of Biology, California Institute of

Technology, Pasadena, CA 91 125

Campbell, Richard H., Bang-Campbell Associates, Box 402, Eel Pond

Place, Woods Hole. MA 02543

Candelas, Graciela C., Department of Biology, University of Puerto

Rico, PO Box 23360. San Juan. PR 00931-3360

Carew, Thomas J., Department of Psychology, Yale University, P. O.

Box 1 1 A, Yale Station, New Haven, CT 06520

Cariello, Lucio, Biochemistry Department, Stazione Zoologica, Villa

Comunale, 80121 Naples, Italy

Carriere, Rita M., Department of Anatomy and Cell Biology, Box 5,

SUNY Health Science Center, 450 Clarkson Ave., Brooklyn, NY
11203 (resigned)

Case, James, University of California, Associate Vice Chancellor of

Research, Santa Barbara, CA 93106

Cassidy, Rev. J. D., Providence College, Priory of St. Thomas

Aquinas, Providence, RI 029 1 8

Cavanaugh, Colleen M., Harvard University, Biological Laboratories,

16 Divinity Ave., Cambridge, MA 02138
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Cebra, John J., Department of Biology, Leidy Labs, G-6. University

of Pennsylvania, Philadelphia, PA 19174

Chaet, Alfred B., University of West Florida, Department of Cell &
Molecular Biology, 1 1000 University Parkway, Pensacola, FL

32514

Chambers, Edward L., Department of Physiology and Biophysics,

University of Miami, School of Medicine, P. O. Box 016430,

Miami, FL 33 101

Chang, Donald C., Hong Kong University of Science & Technology,

Department of Biology, Clear Water Bay, Kowloon, Hong Kong

Chappell, Richard L., Department of Biological Sciences, Hunter

College, Box 210, 695 Park Ave.. New York, NY 10021

Chen, Thomas T., Center for Marine Biotechnology, University of

Maryland, 600 E. Lombard St., Baltimore, MD 21202

Chikarmane, Hemant M., Marine Biological Laboratory. Woods Hole,

MA 02543

Child, Frank M., Ill, Department of Biology, Trinity College,

Hartford. CT 06 106

Chisholm, Rex L., Department of Cell B'ology. Northwestern

University Medical School, Chicago. IL 6061 1

Citkowitz, Elena, 410 Livingston St.. New Haven. CT 0651 1

Clark, Eloise E., Vice President, Bowling Green State University,

Bowling Green, OH 43403

Clark, Hays, 26 Deer Park Drive, Greenwich, CT 06830

Clark, James M., 210 Emerald Lane. Palm Beach. FL 33480

Clark, Wallis H., Jr., 5400 NW 39th Ave., T170, Gainesville, FL

32606

Claude, Philippa, University of Wisconsin, Primate Center, 1223

Capital Court, Madison, WI 537 1 5

Clay, John R., Laboratory of Biophysics, NIH, 36/2C02, Bethesda,

MD 20892

Clowes, Alexander W., Department of Surgery RF-25, University of

Washington School of Medicine. Seattle. WA 98195

Clutter, Mary, Office of the Director, Room 518, National Science

Foundation, Washington, DC 20550

Cobb, Jewel Plummer, California State University, 5151 State

University Drive, Los Angeles, CA 90032-8500

Cohen, Carolyn, Rosenstiel Basic Medical Sciences Research Center,

Brandeis University, Waltham, MA 02254

Cohen, Lawrence B., Department of Physiology, Yale University

School of Medicine. 333 Cedar Street, New Haven, CT 06510-8026

Cohen, Maynard, Department of Neurological Sciences, Rush Medical

College, 600 South Paulina, Chicago, IL 606 1 2

Cohen, Rochelle S., Department of Anatomy, University of Illinois.

808 W. Wood Street, Chicago, IL 60612

Cohen, William D., Department of Biological Sciences, Hunter

College, 695 Park Ave., Box 79, New York, NY 10021

Coleman, Annette W., Division of Biology and Medicine, Brown

University, Providence, RI 01912

Collier, Jack R., Department of Biology, Brooklyn College, Bedford &
Avenue H, Brooklyn, NY 11210

Collier, Marjorie McCann, Biology Department, Saint Peter's College,

2641 Kennedy Boulevard, Jersey City, NJ 07306

Collin, Carlos, National Institutes of Health. Laboratory of Adaptive

Systems, Bldg. 36, B308. Bethesda. MD 20892

Cook, Joseph A., The Edna McConnell Clark Foundation, 250 Park

Ave., New York, NY 10177-0026

Cooperstein, S. J., University of Connecticut School of Medicine,

Department of Anatomy, Farmington Ave., Farmington, CT 06032

Cornell, Neal W., Marine Biological Laboratory, Woods Hole, MA
02543

Cornwall, Melvin C., Jr., Department of Physiology L714, Boston

University School of Medicine, 80 E. Concord St., Boston, MA
02118

Corson, David Wesley, Jr., 516 Rice Hope Dr., Mt. Pleasant. SC

29464-9296

Corwin, Jeffrey T., Department of Otolaryngology, University of

Virginia Medical Center, Box 430, Charlottesville, VA 22908

Costello, Walter J., Department of Zoology Z/BS, College of

Medicine, Ohio University, Athens, OH 45701

Couch, Ernest E., Department of Biology, Texas Christian University,

Fort Worth, TX 76129

Crane, Sylvia E., 438 Wendover Drive, Princeton, NJ 08540

Cremer-Bartels, Gertrud, Universitats Augenkhnik, 44 Munster,

Germany
Crow, Terry J., Department of Neurobiology and Anatomy,

University of Texas Medical School, Houston, TX 77225

Crowell, Sears, Department of Biology, Indiana University,

Bloomington, IN 47405

Crowther, Robert, Department of Biology, University of New
Brunswick, BS 451 1 1, Fredencton, NB. Canada E3B 6E1

Cunningham, Mary-Ellen, 62 Cloverly Road. Grosse Pointe Farms,

MI 48236

Currier, David L., P. O. Box 2476, Vineyard Haven, MA 02568

Cutler, Richard, Marine Biological Laboratory, Woods Hole, MA
02543

D'Alessio, Giuseppe, Department of Organic & Biological Chemistry,

University of Naples, Via Mezzocannone 16, Naples, Italy 80134

D'Avanzo, Charlene, Department of Natural Science, Hampshire

College, Amherst, MA 01002

Daignault, Alexander T., 29 Quisset Harbor Rd., Falmouth. MA
02540

Dan, Katsuma, Tokyo Metropolitan Union, 1-1 Minami-Osawa,

Hachioji City 192-03, Tokyo, Japan

David, John R., Tropical Public Health. Harvard School of Public

Health. 665 Huntington Ave., Boston. MA 021 15

Davidson, Eric H., Division of Biology. 156-29, California Institute of

Technology, 1201 E. California Blvd., Pasadena. CA 91 125

Davis, Joel P., P.O. Box 208, Brooksville. ME 04617

Daw, Nigel W., 5 Old Pawson Rd., Branford, CT 06405

Deegan, Linda A., The Ecosystems Center, Marine Biological

Laboratory, Woods Hole, MA 02543

DeGroof, Robert C., 145 Water Crest Dr., Doylestown, PA 18901

DeHaan, Robert L., Department of Anatomy and Cell Biology.

Emory University School of Medicine, Atlanta, GA 30322

DeLanney, Louis E., The Parkinson's Institute. 1 1 70 Morse Avenue,

Sunnyvale, CA 94089

Denkla, Marth B., Kennedy-Krieger Institute, Johns Hopkins School

of Medicine, 707 North Broadway, Baltimore, MD 21205

Dentler, William L., Department of Physiology & Cell Biology,

University of Kansas. 401 1 Haworth Hall, Lawrence, KS 66044

DePhillips, Henry A., Jr., Department of Chemistry, Trinity College,

300 Summit Street, Hartford, CT 06106

DeSimone, Douglas W., Department of Anatomy and Cell Biology,

Box 439, Health Sciences Center, University of Virginia,

Charlottesville, VA 22908

DeToledo-Morrell, Leyla, Rush-Presbytenan-St. Lukes Medical

Center, 1653 West Congress Parkway, Chicago, IL 60612

Dettbarn, Wolf-Dietrich, Department of Pharmacology, School of

Medicine, Vanderbilt University, Nashville, TN 37232

De Weer, Paul J., Department of Physiology. University of

Pennsylvania School of Medicine, Philadelphia, PA 19104-6085

Dixon, Keith E., School of Biological Sciences, Flinders University,

Bedford Park, 5042, South Australia, Australia

Dowling, John E., The Biological Laboratories, Harvard University,

16 Divinity St., Cambridge, MA 02138

DuBois, Arthur Brooks, John B. Pierce Foundation Laboratory, 290

Congress Ave., New Haven, CT 06519
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Duncan, Thomas K., Department of Environmental Sciences, Nichols

College, Dudley, MA 01571

Dunham, Philip B., Department of Biology, Syracuse University,

Syracuse, NY 13244

Dunlap, Kathleen, Department of Physiology, Tufts University

Medical School, Boston, MA 021 1 1

Dunlap, Paul V., Department of Biology. Woods Hole Oceanographic

Institution, Redfield 316, Woods Hole, MA 02543

Dworkin, Martin, Department of Microbiology, University of

Minnesota, 1460 Mayo Bldg., Box 196 UMHC, Minneapolis, MN
55455-0312

Ebert, James D., Department of Biology, The Johns Hopkins

University, Homewood, Baltimore, MD 21218

Eckberg, William R., Howard University, Department of Zoology,

P.O. Box 887, Admin. Bldg.. Washington, DC 20059

Edds, Kenneth T., R&D Systems, Inc., Hematology Division, 614

McKinley Place, NE, Minneapolis, MN 55413

Eder, Howard A., Albert Einstein College of Medicine, 1300 Morris

Park Ave., Bronx, NY 10461

Edstrom, Joan, 2515 Milton Hills Dr., Charlottesville, VA 22901

Egyud, Laszlo G., 18 Skyview, Newton, MA 02150

Ehrlich, Barbara E., Division of Cardiology, University of

Connecticut School of Medicine, 263 Farmington Avenue.

Farmmgton, CT 06030

Eisen, Arthur Z., Division of Dermatology, Washington University.

St. Louis, MO 63 110

Eisen, Herman N., Massachusetts Institute of Technology, Center for

Cancer Research, E17-128, 77 Massachusetts Ave., Cambridge. MA
02139

Elder, Hugh Young, Institute of Physiology, University of Glasgow,

Glasgow, Scotland G 1 2 8QQ
Elliott, Gerald F., The Open University Research Unit, Foxcombe

Hall, Berkeley Rd., Boars Hill. Oxford, England OX1 5HR
Englund, Paul T., Department of Biological Chemistry, Johns

Hopkins University, Baltimore, MD 21205

Epel, David, Hopkins Marine Station. Pacific Grove, CA 93950

Epstein, Herman T., 18 Lawrence Farm Road, Woods Hole, MA
02543

Epstein, Ray L., 30 Coonamessett Circle, Hatchville, MA 02536

Farb, David H., Department of Pharmacology L603, Boston

University School of Medicine, 80 E. Concord St., Boston, MA
02118

Farmanfarmaian, A., Department of Biological Sciences, Nelson

Biological Laboratory, Rutgers University, FOB 1059, Piscataway,

NJ 08855

Fein, Alan, Department of Physiology, University of Connecticut

Health Center, Farmington. CT 06032 (resigned)

Feinman, Richard D., Box 8, Department of Biochemistry, SUNY
Health Science Center, 450 Clarkson Avenue, Brooklyn, NY 1 1203

Feldman, Susan C, Department of Anatomy, University of Medicine

and Dentistry of New Jersey, New Jersey Medical School, 100

Bergen St., Newark, NJ 07103

Fessenden, Jane, 225 Lakeview Ave.. Falmouth, MA 02540

Festoff, Barry W., Neurology Service (127), Veterans Administration

Medical Center, 4801 Lmwood Blvd., Kansas City, MO 64128

Fink, Rachel D., Department of Biological Sciences. Clapp

Laboratory, Mount Holyoke College, South Hadley. MA 01075

Finkelstein, Alan, Albert Einstein College of Medicine, 1300 Morris

Park Ave., Bronx, NY 10461

Fischbach, Gerald, Department of Neurobiology, Harvard Medical

School, 220 Longwood Ave., Boston, MA 021 15

Fishman, Harvey M., Department of Physiology and Biophysics,

University of Texas Medical Branch. 301 Univ. Blvd., Galveston,

TX 77555-0641

Flanagan, Dennis, 12 Gay St., New York, NY 10014

Fluck, Richard Allen, Department of Biology, Franklin & Marshall

College, Box 3003, Lancaster, PA 1 7604-3003

Foreman, K. H., Boston University Marine Program, Marine

Biological Laboratory, Woods Hole, MA 02543

Fox, Thomas Oren, Division of Medical Sciences, Harvard Medical

School, 260 Longwood Ave., Boston, MA 02 1 1 5

Franzini-Armstrong, Clara, School of Medicine, University of

Pennsylvania, 330 S. 46th Street, Philadelphia, PA 19143

Frazier, Donald T., Department of Physiology and Biophysics,

University of Kentucky Medical Center, Lexington, KY 40536

French, Robert J., Health Sciences Center, University of Calgary,

Calgary, Alberta, T2N 4N I . Canada

Friedler, Gladys, Boston University School of Medicine, 80 East

Concord Street. Boston, MA 02 1 1 8

Fry, Brian, Marine Biological Laboratory. Woods Hole. MA 02543

Fulton, Chandler M., Department of Biology. Brandeis University,

Waltham, MA 02254

Furshpan, Edwin J., Department of Neurophysiology. Harvard

Medical School, 220 Longwood Ave., Boston, MA 021 15

Futrelle, Robert P., College of Computer Science, Northeastern

University, 360 Huntington Avenue, Boston, MA 021 15

Gabriel, Mordecai, Department of Biology, Brooklyn College, 2900

Bedford Ave., Brooklyn, NY 1 1210

Gadsby, David C., Laboratory of Cardiac Physiology, The Rockefeller

University, 1230 York Avenue, New York, NY 10021-6399

Gainer, Harold, Lab of Functional Neurochemistry, NIH, Bldg. 36,

Room 4D-20, Bethesda, MD 20892

Galatzer-Levy, Robert M., 180 N. Michigan Avenue, Chicago, IL

60601

Gall, Joseph G., Carnegie Institution, 1 15 West University Parkway,

Baltimore, MD21210
Gallant, Paul E., NIH, Bldg. 36, Rm. 2A-29, Bethesda, MD 20892

(resigned)

Garber, Sarah S., Department of Physiology, Medical College of

Pennsylvania, 2900 Queen Ln., Philadelphia, PA 19129

Gascoyne, Peter, Box 85E, University of Texas, M. D. Anderson

Hospital and Tumor Institute. 6723 Bertner Avenue. Box 85E,

Houston, TX 77030

Gelperin, Alan, Department of Biophysics, AT&T Bell Labs, Room
1C464, 600 Mountain Avenue. Murray Hill, NJ 07974

German, James L., Ill, Lab of Human Genetics, The New York

Blood Center, 310 East 67th St., New York, NY 10021

Gibbs, Martin, Institute for Photobiology of Cells and Organelles,

Brandeis University, Waltham, MA 02254

Giblin, Anne E., Ecosystems Center. Marine Biological Laboratory,

Woods Hole, MA 02543

Gibson, A. Jane, Department of Biochemistry, Cornell University,

Ithaca, NY 14850

Gifford, Prosser, 540 N Street, SW, S-903, Washington, DC 20024

Gilbert, Daniel L., Clinical Neuroscience Branch, NIH/NINDS, Bldg.

36, Room 5A09A, Bethesda, MD 20892

Giudice, Giovanni, Dipartimento di Biologia Cellulare e Dello

Sviluppo, 1-90123, Via Archirafi 22, Universita di Palermo,

Palermo. Italy

Giuditta, Antonio, Department of General Physiology, University of

Naples. Via Mezzocannone 8, Naples, Italy 80134

Glynn, Paul, 2770 Beechwood Blvd., Pittsburgh. PA 15217

Golden, William T., American Museum of Natural History, 40 Wall

St., Room 4201, New York, NY 10005
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Goldman, Robert D., Department of Cell, Molecular and Structural

Biology. Northwestern University, 303 E. Chicago Ave., Chicago, IL

60611

Goldsmith, Paul K., NIH, Bldg. 10, Room 9C-101, Bethesda, MD
20892

Goldsmith, Timothy H., Department of Biology, Yale University. New

Haven, CT 065 10

Goldstein, Moise H., Jr., ECE Department. Barton Hall, Johns

Hopkins University, Baltimore, MD 21218

Goodman, Lesley Jean, Department of Biological Sciences, Queen

Mary College. Mile End Road, London, El 4NS, England. UK
Gould, Robert Michael, Institute for Basic Research in Developmental

Disabilities, 1050 Forest Hill Rd., Staten Island, NY 10314

Gould, Stephen J., Museum of Comparative Zoology, Agassiz

Museum, Harvard University, Cambridge, MA 02138

Govind, C. K., Life Sciences Division, Scarborough College. 1 265

Military Trail, West Hill, Ontario. MIC 1A4, Canada

Grace, Dick, Doreen Grace Fund, The Brain Center, Seanest Drive.

Promontory Pt., New Seabury, MA 02649

Graf, Werner, Rockefeller University, 1230 York Ave., New York.

NY 10021

Grant, Philip, 2939 Van Ness Street, N.W., Apt. 302. Washington.

DC 20008

Grass, Ellen R., The Grass Foundation. 77 Reservoir Rd.. Quincy,

MA 02 170

Grassle, Judith, Institute of Marine & Coastal Studies. Rutgers

University. Box 231. New Brunswick, NJ 08903

Greenberg, Everett Peter, Department of Microbiology, College of

Medicine, University of Iowa. Iowa City, IA 52242

Greenberg, Michael J., Whitney Laboratory, University of Florida,

9505 Ocean Shore Blvd., St. Augustine, FL 32086-8623

Greer, Mary J., 16 Hillside Ave.. Cambridge, MA 02140

Griffin, Donald R., Concord Field Station, Harvard University, Old

Causeway Road. Bedford. MA 01730

Gross, Paul R., Center for Advanced Studies, University of Virginia,

444 Cabell Hall. Charlottesville, VA 22903

Grossman, Albert, New York University Medical Center. 550 First

Ave., New York, NY 10016

Grossman, Lawrence, Department of Biochemistry. Johns Hopkins

University, 615 North Wolfe Street, Baltimore. MD 21205

Gruner, John, Cephalon, Inc., 145 Brandywine Parkway, W. Chester,

PA 19380-4245

Gunning, A. Robert, P. O. Box 165, Falmouth, MA 02541

Gwilliam, G. P., Department of Biology, Reed College, Portland. OR
97202

Haimo, Leah, Department of Biology, University of California,

Riverside, CA 92521

Hall, Linda M., Department of Biochemistry and Pharmacology,

SUNY, 317 Hochstetter. Buffalo, NY 14260

Hall, Zack W Department of Physiology, University of California.

San Francisco, CA 94143

Halvorson, Harlyn O., 26 Fay Road. P.O. Box 8 1 . Woods Hole, MA
02543

Hamlett, Nancy V., Department of Biology, Harvey Mudd College.

301 E. 12th St., Claremont, CA 9171 1

Haneji, Tatsuji, Kyushu Dental College, Department of Anatomy, 2-

6-1, Manazuru. Kokurakita-Ku, Kitakyushu 803. Japan

Hanlon, Roger T., University of Texas Medical Branch, Marine

Biomedical Institute, 200 University Boulevard. Galveston, TX
77550-2772

Hanna. Robert B., Department of Environmental Science and

Forestry, SUNY, Syracuse, NY 13210

Harosi, Ferenc I., Laboratory of Sensory Physiology, Marine

Biological Laboratory. Woods Hole, MA 02543

Harrigan, June F., 7415 Makaa Place, Honolulu, HI 96825

Harrington, Glenn W., Weber State University, Department of

Microbiology, Ogden, UT 84408

Hastings, J. W., The Biological Laboratories, Harvard University, 16

Divinity Street, Cambridge. MA 02138

Hayashi, Teru, 7105 SW 112 Place, Miami. FL 33173

Haydon-Baillie, Wensley G., Porton Int.. 2 Lowndes Place, London,

SW1X 8DD. England. UK
Hayes, Raymond L., Jr., Department of Anatomy, Howard

University, College of Medicine, 520 W St., NW, Washington. DC
20059

Hepler, Peter K., Department of Botany, University of Massachusetts,

Amherst, MA 01 003

Herndon, Walter R., University of Tennessee, Department of Botany.

Knoxville, TN 37996-1 100

Herskovits, Theodore T., Department of Chemistry, Fordham

University. John Mulcahy Hall. Room 638, Bronx, NY 10458

Hiatt, Howard H., Department of Medicine. Brigham and Women's

Hospital, 75 Francis Street. Boston, MA 021 15

Highstein, Stephen M., Department of Otolaryngology. Box 8115.

Washington University School of Medicine. St. Louis, MO 631 10

Hildebrand, John G., Arizona Research Laboratories. Division of

Neurobiology. 603 Gould-Simpson Science Building, University of

Arizona, Tucson, AZ 85721

Hill, Richard W., Department of Zoology, Michigan State University.

E. Lansing, MI 48824

Hill, Susan D., Department of Zoology, Michigan State University, E.

Lansing, MI 48824

Hillis, Llewellya, Smithsonian Tropical Research Institute, Unit 0948

APO-AA, Miami, FL 34002-0948

1 1 illiiian. Peter, Department of Biology, Life Sciences &

Neurobiology, Hebrew University, Jerusalem 91904, Israel

Hinegardner, Ralph T., Division of Natural Sciences, University of

California, Santa Cruz, CA 95064

Mines, Michael, Department of Neurobiology, Duke University

Medical Center, Box 3209, Durham, NC 27710

Hinsch, Gertrude, W ., Department of Biology, University of South

Florida, Tampa. FL 33620

Hobble, John E., Ecosystems Center, Marine Biological Laboratory,

Woods Hole, MA 02543

Hodge, Alan J., 3843 Mt. Blackburn Ave.. San Diego, CA 921 1 1

Hoffman, Joseph. Department of Physiology, School of Medicine.

Yale University, New Haven. CT 06515

Hollyfield, Joe G., Baylor School of Medicine. Texas Medical Center,

Houston, TX 77030

Holtzman, Eric, Department of Biological Sciences, Columbia

University, New York. NY 10027 (deceased)

Holz, IV, George G, Massachusetts General Hospital. Laboratory of

Molecular Endocrinology, Wellman 320. 50 Blossom St., Boston,

MA 02 114

Hopkinson, Charles S., Jr., Ecosystems Center, Marine Biological

Laboratory. Woods Hole, MA 02543

Hoskin, Francis C. G., Illinois Institute of Technology, Department of

Biology, Chicago, IL 606 16

Houghton, Richard A., Ill, Woods Hole Research Center. P. O. Box

296, Woods Hole, MA 02543 (resigned)

Hoy, Ronald R., Section of Neurobiology and Behavior, Cornell

University, Ithaca, NY 14853

Hufnagel-Zackroff, Linda A., Department of Microbiology, University

of Rhode Island. Kingston, RI 02881

Hummon, William D., Department of Zoology and Biomedical

Science, Ohio University, Athens, OH 45701

Humphreys, Susie H., Food and Drug Administration. HFS-156

Switzer, 200 C Street, SW, Washington, DC 20204-0001

Humphreys, Tom D., University of Hawaii, Kewalo Marine Lab, 4 1

AhuiSt.. Honolulu, HI 96813
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Hunt, Richard T., ICRF, Clare Hall Laboratories. South Mimms

Potter's Bar, Herb EN6-3LD, England

Hunter, Robert D., Department of Biological Sciences. Oakland

University, Rochester. MI 48309-4401

Hunter, W. Bruce, Box 321, Lincoln Center, MA 01773 (resigned)

Huxley, Hugh E., Department of Biology. Rosenstiel Center, Brandeis

University. Waltham. MA 02 1 54

Hynes, Thomas J., Jr., Meredith and Grew, Inc., 160 Federal Street,

Boston, MA 02 11 0-1 701

Han, Joseph, Department of Developmental Genetics and Anatomy.

Case Western Reserve University School of Medicine, Cleveland,

OH 44 106

Ingoglia, Nicholas, Department of Physiology, New Jersey Medical

School, 100 Bergen St., Newark, NJ 07103

Inoue, Saduyki, Department of Anatomy, McGill University Cancer

Centre, 3640 University St., Montreal, PQ H3A 2B2, Canada

Inoue, Shinya, Marine Biological Laboratory, Woods Hole, MA 02543

Isselbacher, Kurt J., Massachusetts General Hospital. Boston, MA
02114

Issidorides, Marietta, R., Department of Psychiatry, University of

Athens. Monis Petraki 8, Athens. 140 Greece

Izzard, Colin S., Department of Biological Sciences. SUNY, 1400

Washington Ave., Albany, NY 12222

Jacobs, Neil, Hale & Dorr, 60 State St., Boston. MA 02109

Jaffe, Lionel, Marine Biological Laboratory, Woods Hole, MA 02543

Jannasch, Holger W., Department of Biology, Woods Hole

Oceanographic Institution, Woods Hole, MA 02543

Jeffery, William R., Bodega Marine Laboratory, University of

California, Box 247, Bodega Bay, CA 94923

Johnston, Daniel, Division of Neuroscience, Baylor College of

Medicine, 1 Baylor Plaza, Houston, TX 77030

Josephson, Robert K., Department of Psychobiology, University of

California, Irvine, CA 92717

Kaczmarek, Leonard K., Department of Pharmacology, Yale

University School of Medicine. 333 Cedar St., New Haven. CT
06520

Kaley, Gabor, Department of Physiology. Basic Sciences Building,

New York Medical College, Valhalla, NY 10595

Kaltenbach. Jane, Department of Biological Sciences, Mount Holyoke

College, South Hadley, MA 01075

Kaminer, Benjamin, Department of Physiology, School of Medicine,

Boston University, 80 East Concord St., Boston, MA 021 18

Kaneshiro, Edna S., Department of Biological Sciences, University of

Cincinnati, JL 006, Cincinnati, OH 45221-0006

Kao, Chien-yuan, Department of Pharmacology, Box 29, SUNY,
Downstate Medical Center, 450 Clarkson Avenue, Brooklyn, NY
11203

Kaplan, Ehud, Department of Biophysics. The Rockefeller University,

1230 York Ave., New York, NY 10024

Karakashian, Stephen J., Apt. 16 F, 165 West 91st St., New York,

NY 10024

Karlin, Arthur, Department of Biochemistry, Columbia University,

630 West 168th St., New York, NY 10032

Katz, George M., Fundamental and Experimental Research Labs,

Merck Sharp and Dohme, P. O. Box 2000, Rahway, NJ 07065

Kelley, Darcy Brisbane, Columbia University, Department of

Biological Sciences, 1018 Fairchild, New York, NY 10032

Kelly, Robert E., Department of Anatomy, University of Illinois,

P. O. Box 6998, Chicago, IL 60680

Kemp, Norman E., Department of Biology, University of Michigan,

Ann Arbor, MI 48109

Kendall, John P., Faneuil Hall Associates. 1 76 Federal Street. 2nd

Floor. Boston, MA 02 110

Kendall, Richard E., 26 Green Harbor Road. East Falmouth. MA
02536

Kerr, Louis M., Marine Biological Laboratory, Woods Hole, MA
02543

Keynan, Alexander, Laboratory for Developmental and Molecular

Biology, Department of Biochemistry, Hebrew University of

Jerusalem, Givat-Ram, Jerusalem, Israel

Khan, Shahid M. M., Department of Anatomy & Structural Biology.

Albert Einstein College of Medicine, 1300 Morris Park Ave., Bronx,

NY 10461

Kiehart, Daniel P., Department of Cellular Biology, Duke Medical

Center, Box 3709, 307 Nanaline Duke Bldg., Durham, NC 27710

Kirk, Mark D., Division of Biological Sciences. University of

Missouri, Columbia, MO 6521 1

Klotz, Irving M., Department of Chemistry, Northwestern L'niversity,

Evanston, I L 60201

Knudson, Robert A., Marine Biological Laboratory, Instrument

Development Lab, Woods Hole. MA 02543

Koide, Samuel S., Population Council, The Rockefeller University,

1230 York Avenue, New York, NY 10021

Kornberg, Sir Hans, The Master's Lodge. Christ's College, Cambridge

CB2 3BU, England, UK
Kosower, Edward M., address unknown

Krahl, M. E., 2783 W. Casas Circle, Tucson, AZ 85741

Krane, Stephen M., Arthritis Unit, Massachusetts General Hospital,

Fruit Street. Boston, MA 021 14

Krauss, Robert, FASEB, 9650 Rockville Pike. Bethesda, MD 20814

Kravitz, Edward A., Department of Neurobiology. Harvard Medical

School, 220 Longwood Ave., Boston, MA 021 15

Kriebel, Mahlon E., Department of Physiology, SUNY Health Science

Center, Syracuse, NY 13210

Kristan, William B., Jr., Department of Biology B-022, University of

California San Diego. La Jolla, CA 92093

Kropinski. Andrew M. B., Department of Microbiology/Immunology,

Queen's University, Kingston, Ontario K7L 3N6. Canada

Kuhns, William J., Hospital for Sick Children. Department of

Biochemistry Research, Toronto, Ontario M5G 1X8, Canada

Kusano, Kiyoshi, NIH, Bldg. 36. Room 4D-20, Bethesda, MD 20892

kn/ii I.HI. Alan M., Marine Biological Laboratory. Woods Hole. MA
02543

Laderman, Aimlee, Yale University School of Forestry and

Environmental Studies, 370 Prospect, New Haven, CT 0651 1

LaMarche, Paul H., Eastern Maine Medical Center, 489 State St.,

Bangor, ME 04401

Landis, Dennis M. D., Department of Developmental Genetics and

Anatomy, Case Western Reserve University School of Medicine,

Cleveland, OH 44106

Landowne, David, Department of Physiology, P. O. Box 016430,

University of Miami School of Medicine, Miami. FL 33101

Langford, George M., Department of Biological Sciences. Dartmouth

College, 6044 Oilman Laboratory, Hanover. NH 03755

Lasser-Ross, Nechama, Department of Physiology, New York

Medical College, Valhalla, NY 10595

Laster, Leonard, University of Massachusetts Medical School, 55 Lake

Avenue, North, Worcester, MA 01655

Laufer, Hans, Department of Biological Science, Molecular and Cell

Biology, Group U-125, University of Connecticut, Storrs, CT
06269-3125

Lazarow, Paul B., Department of Cell Biology and Anatomy, Mount

Sinai Medical School, Box 1007, 5th Avenue & 100th Street, New

York, NY 10021
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Lazarus. Maurice, Federated Department Stores, Inc.. Sears Cresent,

City Hall Plaza, Boston, MA 02108

Leadbetter, Edward R., Department of Molecular and Cell Biology,

U-131. University of Connecticut, Storrs, CT 06268

Lederberg, Joshua, The Rockefeller University, 1230 York Ave., New

York. NY 10021

Lee, John J., Department of Biology, City College of CUNY,
Convent Ave. and 138th St., New York. NY 10031

Lehy, Donald B., 35 Willow Field Dr., N. Falmouth. MA 02556

Leibovitz, Louis, 3 Kettle Hole Road, Falmouth, MA 02540

Leighton, Joseph, 2324 Lakeshore Avenue, #2, Oakland, CA 94606

Leighton, Stephen, NIH, Bldg. 13 3W13, Bethesda, MD 20892

Leinwand, Leslie Ann, Department of Microbiology and Immunology,

Albert Einstein College of Medicine. 1300 Morris Park Ave., Bronx,

NY 10461

Lerman, Sidney, Eye Research Lab, Room 41, New York Medical

College, 100 Grasslands Ave.. Valhalla, NY 10595

Lerner, Aaron B., Department of Dermatology, PO Box 3333, Yale

University. School of Medicine, New Haven, CT 065 10

Lester, Henry A., Division of Biology, California Institute of

Technology, 156-29, Pasadena, CA 91 125

Levin, Jack, Veterans Administration Medical Center, 1 13A, 4150

Clement St., San Francisco, CA 94121

Levine, Richard B., ARL. Division of Neurobiology. University of

Arizona, 61 1 Gould-Simpson Bldg.. Tucson. AZ 85721

Levinthal, Francoise, 435 Riverside Dr., New York, NY 10025

Levitan, Herbert, National Science Foundation. 4201 Wilson

Boulevard, Room 835, Arlington, VA 22230

Levitan, Irwin B., Center for Complex Systems, Brandeis University,

Waltham, MA 02254

Linck, Richard VV., Department of Cell Biology and Neuroanatomy,

University of Minnesota, 321 Church Street, S. E., Minneapolis,

MN 55455

Lipicky, Raymond J., Department of Cardio-Renal/Drug Prod. Div.,

FDA, Rm. 16B-45, 5600 Fishers Lane, Rockville, MD 20857

Lisman, John E., Department of Biology, Brandeis University,

Waltham, MA 02254

Liuzzi, Anthony, 320 Beacon St., Boston, MA 021 16

Llinas. Rodolfo R., Department of Physiology and Biophysics. New
York University Medical Center. 550 First Ave., New York, NY
10016

Loew, Franklin M., Tufts University School of Veterinary Medicine,

200 Westboro Rd., N. Grafton, MA 01536-1895

Loewenstein, Birgit R., Department of Physiology and Biophysics,

R-430, University of Miami School of Medicine, Miami, FL 33101

Loewenstein, Werner R., Department of Physiology and Biophysics,

University of Miami, P. O. Box 016430, Miami, FL 33101

London, Irving M., Massachusetts Institute of Technology, Harvard-

MIT Division, E-25-551, Cambridge, MA 02139

Longo, Frank J., Department of Anatomy, University of Iowa. Iowa

City, IA 52442

i in .mil. Laszlo, Northwestern University Medical School, CMS
Biology, Searle 4-555, 303 East Chicago. Chicago. IL 6061 1-3008

Luckenbill-Edds, Louise, 155 Columbia Ave., Athens, OH 45701

Macagno, Eduardo R., 1003B Fairchild, Department of Biosciences,

Columbia University, New York, NY 10027

MacNichol, E. F., Jr., Department of Physiology, Boston University

School of Medicine, 80 E. Concord St., Boston, MA 021 18

Maglott-Duffield, Donna R., American Type Culture Collection,

12301 Parklawn Drive. Rockville. MD 20852-1776

Maienschein, Jane Ann, Department of Philosophy. Arizona State

University, Tempe, AZ 85287-2004

Mainer, Robert, The Boston Company, One Boston Place, OBP-15-D,

Boston, MA 02 108

\ hi Hum, Craig Curtis, Department of Pharmacology, Health Sciences

Center, SUNY, Stony Brook, NY 1 1794-8651

Manalis, Richard S., Department of Biological Sciences, Indiana

University Purdue University at Fort Wayne, 2101 Coliseum

Blvd.. E., Fort Wayne, IN 46805

Mangum, Charlotte P., Department of Biology, College of William

and Mary, Williamsburg, VA 23187-8795

Manz, Robert D., Helmer and Associates, Suite 1310, 950 Winter St.,

Walthan, MA 02 154

Margulis, Lynn, Botany Department, University of Massachusetts,

Morrill Science Center, Amherst, MA 01003

Marinucci, Andrew C., 102 Nancy Drive, Mercerville, NJ 08619

Marsh, Julian B., Department of Biochemistry and Physiology,

Medical College of Pennsylvania, 3300 Henry Ave., Philadelphia,

PA 19129

Martinez, Jr., Joe L., Department of Psychology, University of

California. Berkeley, 3210 Tolman Hall, Berkeley, CA 94720

Martinez-Palomo, Adolfo, Seccion de Patologia Experimental,

Cinvesav-ipn. 07000 Mexico, D.F. A. P., 140740. Mexico

Maser, Morton, Woods Hole Education Assoc., P. O. Box EM,

Woods Hole, MA 02543

Mastroianni, Luigi, Jr., Department of Obstetrics and Gynecology,

Hospital of the University of Pennsylvania, 106 Dulles, 3400 Spruce

Street, Philadelphia, PA 19104-4283

Matteson, Donald R., Department of Biophysics, University of

Maryland School of Medicine, 660 West Redwood Street,

Baltimore, MD 21201

Mautner, Henry G., Department of Biochemistry, Tufts University

School of Medicine, 136 Harrison Ave., Boston, MA 021 1 1

Mauzerall, David, The Rockefeller University, 1230 York Ave., New

York, NY 10021

McCann, Frances, Department of Physiology, Dartmouth Medical

School. Hanover, NH 03755

McLaughlin, Jane A., Marine Biological Laboratory, Woods Hole,

MA 02543

McMahon, Robert F., Department of Biology, Box 19498, University

of Texas, Arlington, TX 76019

Meedel, Thomas, Biology Department. Rhode Island College, 600 Mt.

Pleasant Ave., Providence, RI 02908

Meinertzhagen, Ian A., Department of Psychology, Life Sciences

Center. Dalhousie University, Halifax, Nova Scotia B3H 4J1,

Canada

Meiss, Dennis E., Immunodiagnostic Laboratories, 488 McCormick

St., San Leandro, CA 94577

Melillo, Jerry M., Ecosystems Center, Marine Biological Laboratory,

Woods Hole, MA 02543

Mellon, DeForest, Jr., Department of Biology, Gilmer Hall,

University of Virginia, Charlottesville, VA 22903

Mellon, Richard P., P. O. Box 187, Laughlintown, PA 15655

Mendelsohn, Michael E., Cardiovascular Division, Harvard Medical

School, 75 Francis Street, Boston, MA 021 15

Metuzals, Janis, Department of Pathology, University of Ottawa, 451

Smythe Road, Ottawa, Ontario K 1 H 8M5, Canada

Metz, Charles B., 7220 SW 124th St., Miami, FL 33156

Miledi, Ricardo, Department of Psychobiology, University of

California, Irvine. CA 92717

Milkman, Roger, Department of Biology, University of Iowa, Iowa

City, IA 52242

Miller, Andrew L., Marine Biological Laboratory, Woods Hole, MA
02543

Mills, Robert, 10315 44th Avenue, W 12 H Street, Bradenton, FL

33507-1535

Misevic, Gradimir, Department of Research, University Hospital of

Basel, Mebelstrasse 20, CH-403 1 , Basel, Switzerland
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Mitchell, Ralph, DAS, Harvard University. 29 Oxford Street,

Cambridge, MA 02 138

Miyakawa, Hiroyoshi, Tokyo University of Pharmacy, Department of

Molecular Bioscience, 1432-1 Horinouchi, Hachiouji, Tokyo 192-

03, Japan

Miyamoto, David M., Department of Biology, Drew University,

Madison, NJ 07940

Mizell, Merle, Department of Cell & Molecular Biology, Tulane

University, New Orleans, LA 701 18

Moore, John W., Department of Neurobiology, Box 3209, Duke

University Medical Center. Durham, NC 27710

Moore, Lee E., Department of Physiology and Biophysics, University

of Texas Medical Branch, Galveston, TX 77550

Morin, James G., Department of Biology, University of California,

Los Angeles, CA 90024

Morrell, Frank, Department of Neurological Science, Rush Medical

Center, 1653 W. Congress Parkway, Chicago, IL 60612

Morse, Patricia M., LIniversity of Washington Marine Labs. 620

University Rd., Friday Harbor, WA 98250

Morse, Stephen Scott, The Rockefeller University, 1230 York Ave.,

Box 120, New York, NY 10021-6399

Mote, Michael I., Department of Biology, Temple University,

Philadelphia, PA 19122

Mountain, Isabel, Arleigh Burke Pavilion, 1739 Kirby Road, McLean,

VA 22101

Muller, Kenneth J., Department of Physiology and Biophysics.

University of Miami School of Medicine. Miami, FL 33101

Murray, Andrew W., Department of Physiology, University of

California, Box 0444, 513 Parnassus Ave., San Francisco, CA
94143-0444

Murray, Sandra Ann, Department of Neurology, Anatomy and Cell

Science, University of Pittsburgh School of Medicine, Pittsburgh,

PA 15261

Nabrit, S. M., 686 Beckwith St.. SW, Atlanta, GA 30314

Nadelhoffer, Knute, Marine Biological Laboratory, Ecosystems Center,

Woods Hole, MA 02543

Naka, Ken-ichi, 2-9-2 Tatsumi Higashi, Okazaki, Japan 444

Nakajima, Shigehiro, Department of Pharmacology and Cell Biology,

University of Illinois College of Medicine at Chicago, 835 S.

Wolcott Ave., Chicago, IL 60612

Nakajima, Yasuko, Department of Anatomy and Cell Biology.

LIniversity of Illinois College of Medicine at Chicago, M/C 512,

Chicago, IL 606 12

Narahashi, Toshio, Department of Pharmacology, Northwestern

University Medical School, 303 East Chicago Ave., Chicago, IL

60611

Nasi, Enrico, Department of Physiology, Boston University School of

Medicine, R-406, 80 E. Concord St., Boston, MA 021 18

Nealson, Kenneth H., Great Lakes Research Center. University of

Milwaukee, 600 E. Greenfield Ave.. Milwaukee, WI 53204

Nelson, Leonard, Department of Physiology, CS 10008, Medical

College of Ohio, Toledo, OH 43699

Nelson, Margaret C., Section of Neurobiology and Behavior, Cornell

University, Ithaca, NY 14850

Nicholls, John G., Biocenter, Klmgelbergstrasse 70. Basel 4056.

Switzerland

Nickerson, Peter A., Department of Pathology, SUNY, Buffalo, NY
14214

Nicosia, Santo V., Department of Pathology, University of South

Florida, College of Medicine, Box 11, 12901 North 30th St..

Tampa, FL 33612

Noe, Bryan D., Department of Anatomy and Cell Biology, Emory

University School of Medicine, Atlanta, GA 30322

Northcutt, R. Glenn, University of California, San Diego,

Neuroscience 0201, 9500 Gilman Drive, La Jolla, CA 92093-0201

Norton, Catherine N., Marine Biological Laboratory, Woods Hole,

MA 02543

Nusbaum, Michael P., Neurobiology Research Center, University of

Alabama, Birmingham. 1719 6th Ave. S., CIRC-545, Birmingham,

AL 35294-0021

O'Herron, Jonathan, Jonathan & Shirley O'Herron Foundation, One

Rockefeller Plaza, New York, NY 10020

O'Melia, Anne F., 16 Evergreen Lane, Chappaqua, New York 10514

Obaid, Ana Lia, Department of Neuroscience, University of

Pennsylvania School of Medicine, 234 Stemmler Hall, Philadelphia,

PA 19104-6074

Ohki, Shinpei, Department of Biophysical Sciences, SUNY at Buffalo,

224 Cary Hall, Buffalo, NY 14214

Oldenbourg, Rudolf, Marine Biological Laboratory, Woods Hole, MA
02543

Olds, James L., NIH, 9/1W125, Bldg. 9, Bethesda, MD 20892

Olins, Ada L., University of Tennessee-Oak Ridge, Graduate School

of Biomedical Sciences, Biology Division ORNL, P. O. Box 2009,

Oak Ridge. TN 3783 1-8077

Olins, Donald E., University of Tennessee-Oak Ridge, Graduate

School of Biomedical Sciences, Biology Division ORNL, P. O. Box

2009. Oak Ridge, TN 37831-8077

Oschman, James L., 3 1 Whittier Street, Dover, NH 03820

Palazzo, Robert E., Department of Physiology & Cell Biology.

Haworth Hall. University of Kansas, Lawrence, KS 66045

Palmer, John D., Department of Zoology, University of

Massachusetts, Amherst. MA 01003

Palti, Yoram, Rappaport Institution, Technion, FOB 9697, Haifa.

31096 Israel

Pant, Harish C, NINCDS/NIH. Laboratory of Neurochemistry. Bldg.

36, Room 4D-20, Bethesda, MD 20892

Pappas, George D., Department of Anatomy, College of Medicine,

University of Illinois. 808 South Wolcott St., Chicago, IL 60612

Pardee, Arthur B., Dana-Farber Cancer Institute, D810, 44 Binney

Street, Boston, MA 02 1 1 5

Pardy, Roosevelt L., School of Life Sciences, University of Nebraska.

Lincoln, NE 68588

Parmentier, James L., 175 S. Great Road, Lincoln, MA 01773-41 12

Passano, Leonard M., Department of Zoology, Birge Hall. University

of Wisconsin, Madison. WI 53706

Pearlman, Alan L., Cell Biology, Box 8228, School of Medicine,

Washington University, St. Louis, MO 631 10

Pederson, Thoru, Worcester Foundation for Experimental Biology,

Shrewsbury, MA 01 545

Perkins, C. D., 400 Hilltop Terrace, Alexandra, VA 22301

Person, Philip, 137-87 75th Road, Flushing, NY 1 1367

Peterson, Bruce J., Marine Biological Laboratory, Ecosystems Center.

Woods Hole. MA 02543

Pethig, Ronald, School of Electronic Engineering Science, University

College of N. Wales, Dean St., Bangor, Gwynedd, LL57 IUT, UK
Pfohl, Ronald J., Department of Zoology, Miami University, Oxford,

OH 45056

Pierce, Sidney K., Jr., Department of Zoology, University of

Maryland, College Park, MD 20742

Poindexter, Jeanne S., Barnard College, Columbia University, 3009

Broadway, New York, NY 10027-6598

Pollard, Harvey B., NIH, NIDDKD, Lab of Cell Biology & Genetics.

Bldg. 8, Rm. 401, Bethesda, MD 20892

Pollard, Thomas D., Department of Cell Biology and Anatomy, Johns

Hopkins University, 725 North Wolfe St., Baltimore, MD 21205

Porter, Beverly H., 5542 Windysun Ct., Columbia, MD 21045
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Porter, Keith R., Department of Biology, Leidy Laboratories. Rm.

303, University of Pennsylvania, Philadelphia, PA 19104-6018

Porter, Mary E., Department of Cell Biology and Neurology,

University of Minnesota, 4-147 Jackson Hall, Minneapolis, MN
55455

Potter, David, Department of Neurobiology, Harvard Medical School,

25 Shattuck St., Boston, MA 021 15

Potts, William T., Department of Biology, University of Lancaster,

Lancaster, England, UK
Powers, Dennis A., Hopkins Marine Station, Stanford University,

Pacific Grove, CA 93950

Powers, Maureen K., Department of Psychology, 301 Arts & Science

Psych Building, Vanderbilt University, Nashville, TN 37240

Pratt, Melanie M., Department of Anatomy and Cell Biology,

University of Miami School of Medicine (R124), P. O. Box 016960,

Miami, FL 33101

Prendergast, Robert A., Wilmer Institute, Johns Hopkins Hospital,

601 N. Broadway, Baltimore, MD 21287-9142

Presley, Phillip H., Carl Zeiss, Inc., 1 Zeiss Drive, Thornwood, NY
10594

Price, Carl A., Waksman Institute of Microbiology, Rutgers

University, P. O. Box 759, Piscataway, NJ 08854

Prior, David J., Department of Biological Sciences, NAU Box 5640,

Northern Arizona University, Flagstaff. AZ 8601 1

Prusch, Robert D., Department of Life Sciences, Gonzaga University,

Spokane, WA 99258

Purves, Dale, Department of Neurobiology, Duke University Medical

Center, Box 3209, 1011 Bryan Research Building, Durham, NC
27710

Quigley, James, Department of Pathology, SUNY Health Science

Center, BHS Tower 9, Rm. 140, Stony Brook, NY 1 1794-8691

Rabb, Irving W., University Place at Harvard Square, 124 Mt.

Auburn St., Suite 200, Cambridge, MA 02138

Rabin, Harvey, DuPont Merck Pharmaceutical, R&D Division, Exp.

Station 328/358, Wilmington, DE 19880

Rabinowitz, Michael B., Marine Biological Laboratory, Woods Hole,

MA 02543

Rafferty, Nancy S., Marine Biological Laboratory, Woods Hole, MA
02543

Rakowski, Robert F., Department of Physiology and Biophysics,

UHS/The Chicago Medical School, 3333 Greenbay Rd., N.

Chicago, IL 60064

Ramon, Fidel, CINVESTAV, Depto Fisiologia, Apto Postal 14-740,

Mexico, D.F., 07000

Ranzi, Silvio, Sez Zoologia Sc Nat, Dip di Biologia, Via Coloria 26,

20133, Milano, Italy

Rastetter, Edward B., Ecosystems Center, Marine Biological

Laboratory, Woods Hole, MA 02543

Rebhun, Lionel I., Department of Biology, Gilmer Hall 43, University

of Virginia, Charlottesville, VA 22901

Reddan, John R., Department of Biological Sciences, Oakland

University, Rochester, MI 48309-4401

Reese, Barbara F., NINCDS/NIH, Bldg. 36, Room 3B26, 9000

Rockville Pike, Bethesda. MD 20892

Reese, Thomas S., NINCDS/NIH, Bldg. 36, Room 2A27, 9000

Rockville Pike, Bethesda, MD 20892

Reinisch, Carol L., Department of Comparative Medicine, Tufts

University School of Veterinary Medicine, 200 Westboro Rd., Bldg.

20. North Grafton, MA 01536

Rich, Alexander, Department of Biology 16-735, Massachusetts

Institute of Technology, Cambridge. MA 02139

Rickles, Frederick R., Center for Disease Control, MS-D02, 1600

Clifton Road, NE, Atlanta, GA 30333

Riley, Monica, Marine Biological Laboratory, Woods Hole, MA
02543

Ripps, Harris, Department of Ophthalmology, University of Illinois,

1855 W. Taylor Street, Chicago, IL 6061 1

Ritchie, Murdoch, Department of Pharmacology, Yale University

School of Medicine, 333 Cedar St., New Haven. CT 06510

Robinson, Denis M., 200 Ocean Lane Drive #908, Key Biscayne, FL

33149

Rome, Lawrence C, Department of Biology, University of

Pennsylvania, Philadelphia, PA 19104

Rosenbaum, Joel L., Department of Biology, 310 Kline Biology

Tower, Yale University, New Haven, CT 06520

Rosenbluth, Jack, Department of Physiology, New York University

School of Medicine, 550 First Ave., New York, NY 10016

Rosenbluth, Raja, Simon Fraser University, Institute of Molecular

Biology and Biochemistry, Burnaby, BC, Canada, V5A 1S6

Roslansky, John, Box 208, 26 Bar Neck Road, Woods Hole, MA
02543

Roslansky, Priscilla F., 57 Buzzards Bay Ave., Woods Hole, MA
02543

Ross, William N., Department of Physiology, New York Medical

College, Valhalla, NY 10595

Roth, Jay S., 18 Millfield Street, P. O. Box 285, Woods Hole, MA
02543

Rowland, Lewis P., Neurological Institute, 710 West 168th St., New

York, NY 10032

Ruder nun. Joan V., Department of Anatomy and Cell Biology.

Harvard University School of Medicine, 220 Longwood Ave.,

Boston, MA 021 15

Rushforth, Norman B., Department of Biology, Case Western Reserve

University, Cleveland, OH 44106

Russell-Hunter, W. D., Department of Biology, Lyman Hall 012,

Syracuse University, Syracuse, NY 13244

Saffo, Mary Beth, Institute of Marine Sciences, 272 Applied Sciences,

University of California. Santa Cruz, CA 95064

Sager, Ruth, Dana Farber Cancer Institute, 44 Binney St., Boston,

MA 021 15

Sagi, Amir, Department of Life Sciences, Ben-Gurion University of

the Negev. P.O. Box 653, Bee-Sheva, Israel. 84105

Salama, Guy, Department of Physiology, University of Pittsburgh,

Pittsburgh, PA 15261

Salmon, Edward D., Department of Biology. Wilson Hall, CB3280,

University of North Carolina, Chapel Hill, NC 27599

Salzberg, Brian M., Department of Neuroscience, University of

Pennsylvania, 234 Stemmler Hall, Philadelphia, PA 19104-6074

Sanger, Jean M., Department of Anatomy, School of Medicine,

University of Pennsylvania. 36th and Hamilton Walk, Philadelphia,

PA 19104-6058

Sanger, Joseph, Department of Anatomy, School of Medicine,

University of Pennsylvania, 36th and Hamilton Walk, B-13.

Philadelphia. PA 19104-6058

Saunders, John W., Jr., P. O. Box 38 1 , Waquoit Station, Waquoit,

MA 02536

Schachman, Howard K., Department of Molecular Biology. University

of California, 229 Stanley Hall #3206, Berkeley, CA 94720-3206

Schatten, Gerald P., Integrated Microscopy Facility for Biomedical

Research, University of Wisconsin, 1 1 17 W. Johnson St.. Madison,

WI 53706

Schatten, Heide, Department of Zoology, University of Wisconsin,

Madison, WI 53706

Schiff, Jerome A., Institute for Photobiology of Cells and Organelles,

Brandeis University, Waltham. MA 02254

Schmeer, Arline C., Mercenene Cancer Institute, 1073 Racebrook

Road, Woodbridge, CT 06525
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Schmidek, Henry H., Department of Neurosurgery, St. Luke's

Hospital, 102 Page St., New Bedford. MA 02740

Schnapp, Bruce J., Department of Cellular & Molecular Physiology,

Harvard Medical School, 25 Shattuck St., Boston, MA 021 15

Schuel, Herbert, Department of Anatomical Sciences, SUNY, Buffalo,

Buffalo, NY 14214

Schwartz, James H., Center for Neurobiology and Behavior. New

York State Psychiatric Institute Research Annex, 722 W. 168th

St., 7th Floor, New York, NY 10032

Schweitzer, A. Nicola, School of Medicine, Section of

Immunobiology, Yale University, New Haven. CT 06510

Scofield, Virginia Lee, Department of Microbiology and Immunology,

UCLA School of Medicine, Los Angeles, CA 90024

Sears, Mary, P. O. Box 152, Woods Hole, MA 02543

Segal, Sheldon J., The Population Council, One Dag Hammarskjold

Plaza, New York, NY 10036

Selman, Kelly, Department of Anatomy and Cell Biology. Box

100235, College of Medicine, University of Florida, Gainesville, FL

32601

Shanklin, Douglas R., Department of Pathology, Room 576.

University of Tennessee College of Medicine, 800 Madison Avenue,

Memphis, TN 38117

Shashoua, Victor E., Ralph Lowell Labs, Harvard Medical School,

McLean Hospital, 115 Mill St., Belmont, MA 02178

Shaver, Gaius R., Ecosystems Center, Marine Biological Laboratory,

Woods Hole, MA 02543

Shaver, John R., Department of Zoology, Michigan State University.

East Lansing, MI 48824

Sheetz, Michael P., Department of Cell Biology, Duke University

Medical Center, Box 3709, 385 Nanaline Duke Bldg., Durham, NC
27710

Shepard, David C., P. O. Box 44. Woods Hole, MA 02543

Shepro, David, Department of Microvascular Research. Boston

University, 5 Cummington St., Boston. MA 02215

Sheridan, William F., Biology Department, University of North

Dakota, Box 8238, University Station, Grand Forks. ND 58202-

8238

Sherman, I. W., Department of Biology, University of California,

Riverside, CA 92521

Shimomura, Osamu, Marine Biological Laboratory, Woods Hole, MA
02543

Shipley, Alan M., Marine Biological Laboratory, Woods Hole. MA
02543

Siegel, Irwin M., Department of Ophthalmology. New York

University Medical Center, 550 First Avenue, New York, NY
10016

Siegelman, Harold W., Department of Biology, Brookhaven National

Laboratory, Upton, NY 1 1973 (deceased)

Silver, Robert B., Department of Physiology, Cornell University. 822

Veterinary Research Tower, Ithaca, NY 14853-6401

Siwicki, Kathleen K., Biology Department, Swarthmore College, 500

College Ave., Swarthmore, PA 19081

Sjodin, Raymond A., Department of Biophysics, University of

Maryland, Baltimore, MD 21201

Skinner, Dorothy M., Oak Ridge National Laboratory, P. O. Box

2009, Biology Division, Oak Ridge, TN 37831

Sloboda, Roger D., Department of Biological Sciences, 306 Oilman,

Dartmouth College, Hanover, NH 03755

Sluder, Greenfield, Worcester Foundation for Experimental Biology,

222 Maple Ave., Shrewsbury, MA 01545

Smith, Peter J. S., Marine Biological Laboratory, Woods Hole. MA
02543

Smith, Ralph I., Department of Integrative Biology, University of

California, Berkeley, CA 94720 (deceased)

Smith, Stephen J., Department of Molecular & Cellular Physiology,

Beckman Center, Stanford University School of Medicine. Stanford.

CA 94305-5426

Smolowitz, Roxanne M., Laboratory of Marine Animal Health,

Marine Biological Laboratory, Woods Hole, MA 02543

Sogin, Mitchell, Marine Biological Laboratory, Woods Hole, MA
02543

Sorenson, Martha M., Cidade Universitaria-RFRJ, Department de

Bioquimica-ICB/CCS, Rio de Janeiro, RJ 21910, Brasil

Speck, William T., Columbia Presbyterian Medical Center, 161 Ft.

Washington Avenue, New York, NY 10032

Spector, Abraham, Department of Ophthalmology, Columbia

University, 630 West 168th Street, New York, NY 10032

Speer, John W., Marine Biological Laboratory, Woods Hole, MA
02543

Speksnijder, Johanna E., University of Groningen, Department of

Genetics, Kerklaan 30, 975 1 NN Haren, The Netherlands

Sperelakis, Nicholas, Department of Physiology & Biophysics,

University of Cincinnati, 231 Bethesda Ave., Cincinnati, OH
45267-0576

Spiegel, Evelyn, Department of Biological Sciences, Dartmouth

College, 204 Gilman, Hanover, NH 03755

Spiegel, Melvin, Department of Biological Sciences, Dartmouth

College, 204 Gilman, Hanover, NH 03755

Spray, David C., Albert Einstein College of Medicine, Department of

Neurosciences, 1300 Morris Park Avenue, Bronx, NY 10461

Steele, John Hyslop, Woods Hole Oceanographic Institution. Woods

Hole, MA 02543

Steinacker, Antoinette, Dept. of Otolaryngology, Washington

University, School of Medicine, Box 8115, 4566 Scott Avenue, St.

Louis, MO 63 110

Steinberg, Malcolm, Princeton University, Department of Molecular

Biology, M-18 Moffett Laboratory, Princeton. NJ 08544-1014

Stemmer, Andreas C., Marine Biological Laboratory. Woods Hole,

MA 02543

Stetten, Jane Lazarow, 4701 Willard Ave., Apt. 1413, Chevy Chase,

MD 208 15-4635

Steudler, Paul A., Ecosystems Center, Marine Biological Laboratory.

Woods Hole, MA 02543

Stokes, Darrell R., Emory University, Department of Biology, 1510

Clifton Rd., NE, Atlanta. GA 30322-1 100

Stommel, Elijah W., P.O. Box 31. E. Thetford, VT 05043

Stracher, Alfred, Department of Biochemistry, SUNY Health Science

Center, 450 Clarkson Ave., Brooklyn, NY 1 1203

Strehler, Bernard L., 2310 North Laguna Circle Dr., Agoura, CA
91301-2884

Strumwasser, Felix, USUHS. Department of Psychiatry, 4301 Jones

Bridge Rd., Bethesda, MD 20814-4799

Stuart, Ann E., Department of Physiology, Medical Sciences Research

Bldg. 206H, University of North Carolina. Chapel Hill, NC 27599-

7545

Sugden, Donata O., University of Wisconsin. Department of

Neurophysiology, 281 Medical Science Building, Madison. WI

53706

Sugimori, Mutsuyuki. Department of Physiology and Biophysics. New
York University Medical Center, 550 First Avenue, New York, NY
10016

Summers, William C., Huxley College of Environmental Studies,

Western Washington University, Bellingham, WA 98225

Suprenant, Kathy A., Department of Physiology and Cell Biology,

4010 Haworth Hall, University of Kansas, Lawrence, K.S 66045

Sussman, Maurice, 72 Carey Lane, Falmouth. MA 02540

Sussman, Raquel B., Marine Biological Laboratory, Woods Hole, MA
02543
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Sweet, Frederick, Department of OB & GYN, Box 8064, Washington

University School of Medicine. 499 South Euclid. St. Louis, MO
63110

Swenson, Katherine I., Duke University Medical Center. Section of

Cell Growth, Regulation, and Oncogenesis. P.O. Box 3682,

Durham, NC 277 10

Sydlik, Mary Anne, Department of Biology, Westfield State College,

Westfield, MA 01086

Szent-Gyorgyi, Andrew, Department of Biology, Brandeis University,

Bassine 244, 415 South Street, Waltham, MA 02254

Szent-Gyorgyi, Gwen P., Marine Biological Laboratory, Woods Hole,

MA 02543

Szuts, Ete Z., 12 Hamlin Ave., Falmouth, MA 02540-2820

Tabares, Lucia, AVDA. Department of Physiology. Sanchez, Pizjuan

4, 4 11009 Seville, Spam
Tamm, Sidney L., Boston University Marine Program, Marine

Biological Laboratory, Woods Hole, MA 02543 (reinstated)

Tanzer, Marvin L., University of Connecticut School of Dental

Medicine, Department of Biostructure and Function, Farmington.

CT 06030-3705

Tasaki, Ichiji, Laboratory of Neurobiology, NIMH/NIH. Bldg. 36.

Rm. 2B-16. Bethesda, MD 20892

Taylor, Douglass L., Center for Fluorescence Research, Carnegie

Mellon University, 4400 Fifth Avenue, Pittsburgh. PA 15213

Teal, John M., Department of Biology. Woods Hole Oceanographic

Institution, Woods Hole, MA 02543

Telfer, William H., Department of Biology, University of

Pennsylvania, Philadelphia, PA 19104

Telzer, Bruce, Pomona College, Department of Biology, Thille

Building, 175 W. 6th Street, Claremont, CA 9171 1

Thorndike, \V. Nicholas, Wellington Management Company, 200

State St., Boston, MA 02 109

Townsel, James G., Department of Physiology, Meharry Medical

College, Nashville, TN 37208

Travis, David M., 223 Newell Road, Holden, MA 01520-1442

Treistman, Steven N., University of Massachusetts Medical Center,

Department of Pharmacology, 55 Lake Avenue North, Worcester,

MA 01655

Trigg, D. Thomas, One Federal Street, 9th Floor, Boston, MA 0221 1

Trinkaus, J. P., Department of Biology. Yale University. New Haven.

CT06511

Troll, Walter, Department of Environmental Medicine, College of

Medicine, New York University, New York, NY 10016

Troxler, Robert F., Department of Biochemistry, School of Medicine.

Boston University, 80 East Concord St., Boston, MA 02 1 1 8

Tucker, Edward B., Department of Natural Sciences, Baruch College,

CUNY, 17 Lexington Ave., New York, NY 10010

Turner, Ruth D., Mollusk Department. Museum of Comparative

Zoology, Harvard University, Cambridge. MA 02138

Tweedell, Kenyon S., Department of Biological Sciences, University of

Notre Dame, Notre Dame. IN 46656

Tykocinski, Mark L., Institute of Pathology. Case Western Reserve

University, 2085 Adelbert Rd., Cleveland, OH 44106

Tytell, Michael, Department of Anatomy. Bowman Gray School of

Medicine, Wake Forest University. Winston-Salem, NC 27103

Ueno, Hiroshi, Kyoto University, Faculty of Agriculture. Department

of Agricultural Chemistry, Sakyo, Kyoto 606. Japan

Valiela, Ivan, Boston University Marine Program. Marine Biological

Laboratory, Woods Hole, MA 02543

Vallee, Richard, Cell Biology Group. Worcester Foundation for

Experimental Biology, Shrewsbury, MA 01545

Valois, John, Marine Biological Laboratory, Woods Hole, MA 02543

Van Holde, Kensal, Department of Biochemistry and Biophysics,

Oregon State University, Corvallis. OR 97331-6503

Vogel, Steven S., LTPB/NICHD, Bldg. 10. Rm. 6C205, Bethesda.

MD 20892

\\ aksman, Byron, Foundation for Microbiology. 300 East 54th St.,

#5K, New York, NY 10022

Wall, Betty, 9 George St.. Woods Hole. MA 02543

Wallace, Robin A., Whitney Laboratory, 9505 Ocean Shore Blvd., St.

Augustine. FL 32086

Wang, Ching Chung, Department of Pharmaceutical Chemistry,

University of California, San Francisco. CA 94143

Wang, Hsien-yu, Department of Biochemistry. National Defense

Medical Center, Taipei, Taiwan, Republic of China

Wangh, Lawrence J., Department of Biology. Brandeis University.

415 South St., Waltham, MA 02254

Warner, Robert C, Department of Molecular Biology and

Biochemistry. University of California. Irvine. CA 92717

Warren, Kenneth S., Maxwell Communications Corp.. 866 Third

Avenue, New York, NY 10022

Warren, Leonard, Wistar Institute. 36th and Spruce Streets.

Philadelphia. PA 19104

Waterbury, John B., Department of Biology. Woods Hole

Oceanographic Institution. Woods Hole, MA 02543

Watson, Stanley, Associates of Cape Cod, Inc., P. O. Box 224, Woods

Hole, MA 02543

Waxman, Stephen G., Department of Neurology, P.O. Box 208018,

Yale School of Medicine, 333 Cedar Street, New Haven, CT 06510

Webb, H. Marguerite, Marine Biological Laboratory, Woods Hole,

MA 02543

Weber, Annemarie, Department of Biochemistry and Biophysics,

School of Medicine, University of Pennsylvania, Philadelphia. PA

19066

Weidner, Earl, Department of Zoology and Physiology. Louisiana

State University, Baton Rouge. LA 70803

Weiss, Dieter G., Institut fur Zoologie, Technische Universitat

Munchen. 8046 Garching, FRG
Weiss, Leon P., Department of Animal Biology. School of Veterinary

Medicine, University of Pennsylvania. Philadelphia. PA 19104

W'eissmann, Gerald, New York University Medical Center. 550 First

Avenue, New York, NY 10016

Werman, Robert, Neurobiology Unit, The Hebrew University,

Jerusalem, Israel

Westerfield, R. Monte, The Institute of Neuroscience, University of

Oregon, Eugene, OR 97403

Whittaker, J. Richard, Department of Biology, Bag Service #451 1 1,

University of New Brunswick. Fredencton, NB E3B 6E1, Canada

Wichterman, Ralph, 3 1 Buzzards Bay Avenue, Woods Hole. MA
02543

Wilson, Darcy B., San Diego Regional Cancer Center, 3099 Science

Park Road, San Diego, CA 92121

Wilson, T. Hastings, Department of Physiology. Harvard Medical

School, Boston. MA 02 1 1 5

Witkovsky, Paul, Department of Ophthalmology. New York

University Medical Center, 550 First Ave.. New York, NY 10016

Wittenberg, Beatrice, Department of Physiology & Biophysics, Albert

Einstein College of Medicine, 1300 Morris Park Ave.. Bronx, NY
10461

Wittenberg, Jonathan B., Department of Physiology and Biophysics,

Albert Einstein College, 1300 Morris Park Ave., Bronx, NY 01461

VVolken, Jerome J., Department of Biological Sciences, Carnegie

Mellon University, 440 Fifth Ave., Pittsburgh. PA 15213

Wonderlin, William F., Department of Pharmacology & Toxicology,

West Virginia University, Morgantown, WV 26506

Worden. Mary Kate, Department of Neurobiology. Harvard Medical

School. 220 Longwood Ave., Boston, MA 02 1 1 5
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Worgul, Basil V., Department of Ophthalmology, Columbia

University, 630 West 168th St., New York, NY 10032

Wu, Chau Hsiung, Department of Pharmacology. Northwestern

University Medical School, Chicago, IL 6061 1

Wyttenbach, Charles R., Department of Physiology and Cell Biology,

University of Kansas, Lawrence, KS 66045

Yashphe, Jacob, Hebrew University, Hadassah Medical School,

Jerusalem, Israel, 91010 (resigned)

Yeh, Jay Z., Department of Pharmacology, Northwestern University

Medical School, Chicago. IL 6061 1

Zigman, Seymour, University of Rochester Medical School, Box 314,

601 Elmwood Avenue, Rochester, NY 14642

Zimmerberg, Joshua J., NIH, Bldg. 12A, Room 2007, Bethesda, MD
20892

Zottoli, Steven J., Department of Biology, Williams College,

Williamstown, MA 01267

Zucker, Robert S., Neurobiology Division. Department of Molecular

and Cellular Biology. University of California, Berkeley. CA 94720

Zukin, Ruth Suzanne, Department of Neuroscience, Albert Einstein

College of Medicine, 1410 Pelham Parkway South, Bronx, NY
10461

MBL Associates

Executive Board
Megan Jones, President

Mary Ulbnch, Vice President

Deborah G. Senft, Treasurer

Pucky Roslansky, Secretary

Alfred F. Borg

Jennie P. Brown

Julie Child

Elaine Pear Cohen, Arts Chair

Hanna Hastings

Doris B. Hiatt

Ruth Ann Laster, Membership Chair

Evelyn Laufer

Barbara Little

Robert Livingstone

Luigi Mastroianni

Nella McElroy
Jack Pearce

Robert Reynolds

Ted Rowan

Barbara Wheeler

Sustaining Associate

George Frederick Jewett Foundation

Mr. and Mrs. Richard P. Mellon

Mr. Jonathan O'Herron

Plymouth Savings Bank

Supporting Associate

Ms. Frances B. Bator

Benthos, Inc.

Mr. James M. Clark

Mr. and Mrs. LeRoy Clark, Jr.

Dr. and Mrs. Alexander W. Clowes

Mrs. Margaret Clowes

Mr. and Mrs. Ian D. W. Cramer

Dr. and Mrs. James D. Ebert

Mr. and Mrs. David Fausch

Mrs. Mary Jewett Gaiser

Dr. and Mrs. Prosser Gilford
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Certificate of Organization

Articles of Amendment

Bylaws

Certificate of Organization
Public Statutes, have been complied with and 1 hereby approve said certificate this

twentieth day of March A.D. eighteen hundred and eighty-eight.

(On File in the Office of the Secretary of the Commonwealth)
Charles Endicott

Commissioner of Corporations)

No. 3170

We, Alpheus Hyatt. President, William Stanford Stevens, Treasurer, and William

T. Sedgwick. Edward G. Gardiner, Susan Mims and Charles Sedgwick Minot being

a majority of the Trustees of the Marine Biological Laboratory in compliance with

the requirements of the fourth section of chapter one hundred and fifteen of the

Public Statutes do hereby certify that the following is a true copy of the agreement
of association to constitute said Corporation, with the names of the subscribers

thereto:

We. whose names are hereto subscribed, do. by this agreement, associate ourselves

with the intention to constitute a Corporation according to the provisions of the

one hundred and fifteenth chapter of the Public Statutes of the Commonwealth of

Massachusetts, and the Acts in amendment thereof and in addition thereto.

The name by which the Corporation shall be known is

THE MARINE BIOLOGICAL LABORATORY.

The purpose for which the Corporation is constituted is to establish and maintain

a laboratory or station for scientific study and investigations, and a school for

instruction in biology and natural history.

The place within which the Corporation is established or located is the city of

Boston within said Commonwealth.

The amount of its capital stock is none.

In Witness Whereof, we have hereunto set our hands, this twenty seventh day of

February in the year eighteen hundred and eighty-eight, Alpheus Hyatt, Samuel

Mills. William T. Sedgwick. Edward G. Gardiner. Charles Sedgwick Minot, William

G. Farlow, William Stanford Stevens. Anna D. Phillips. Susan Mims. B. H. Van
Vleck.

That the first meeting of the subscribers to said agreement was held on the thirteenth

day of March in the year eighteen hundred and eighty-eight.

In Witness Whereof, we have hereunto signed our names, this thirteenth day of

March in the year eighteen hundred and eighty-eight, Alpheus Hyatt, President,

William Stanford Stevens, Treasurer, Edward G. Gardiner, William T. Sedgwick.

Susan Mims. Charles Sedgwick Minot.

(Approved on March 20, 1988 as follows:

I hereby certify that it appears upon an examination of the within written certificate

and the records of the corporation duly submitted to my inspection, that the re-

quirements ot sections one. two and three of chapter one hundred and fifteen, and

sections eighteen, twenty and twenty-one of chapter one hundred and six, of the

Articles ofAmendment

(On File in the Office of the Secretary of the Commonwealth)

We, James D. Ebert, President, and David Shepro, Clerk of the Marine Biological

Laboratory, located at Woods Hole. Massachusetts 02543, do hereby certify that

the following amendment to the Articles of Organization of the Corporation was

duly adopted at a meeting held on August 15, 1975, as adjourned to August 29.

1975, by vote of 444 members, being at least two-thirds of its members legally

qualified to vote in the meeting of the corporation:

Voted: That the Certificate of Organization of this corporation be and it hereby is

amended by the addition of the following provisions:

"No Officer, Trustee or Corporate Member of the corporation shall be personally

liable for the payment or satisfaction of any obligation or liabilities incurred

as a result of. or otherwise in connection with, any commitments, agreements.

activities or affairs of the corporation.

"Except as otherwise specifically provided by the Bylaws of the corporation, meetings

of the Corporate Members of the corporation may be held anywhere in the

United States.

"The Trustees of the corporation may make, amend or repeal the Bylaws of the

corporation in whole or in part, except with respect to any provisions thereof

which shall by law, this Certificate or the bylaws of the corporation, require

action by the Corporate Members."

The foregoing amendment will become effective when these articles of amendment
are filed in accordance with Chapter 180, Section 7 of the General Laws unless

these articles specify, in accordance with the vote adopting the amendment, a later

effective date not more than thirty days after such filing, in which event the amend-

ment will become effective on such later date.

In Witness whereof and Under the Penalties ot Perjury, we have hereto signed our

names this 2nd day of September, in the year 1975. James D. Ebert, President:

David Shepro, Clerk.

(Approved on October 24. 1975. as follows:

I hereby approve the within articles of amendment and, the filing fee in the amount

ot $10 having been paid, said articles are deemed to have been filed with me this

24th day of October, 1975.

Paul Guzzi

Secretary of the Commonwealth)
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Bylaws

(Revised August 7. 1992 and December 10, 1992)

ARTICLE 1 THE CORPORATION

A. Name and Purpose The name of the Corporation shall be The Manne Bio-

logical Laboratory. The Corporation's purpose shall be to establish and maintain

a laboratory or station for scientific study and investigation and a school for in-

struction in biology and natural history.

B. Nondiscnmtnation. The Corporation shall not discriminate on the basis of

age. religion, color, race, national or ethnic origin, sex or sexual preference in its

policies on employment and administration or in its educational and other programs.

ARTICLE II MEMBERSHIP

A. Members. The Members of the Corporation ("Members") shall consist of

persons elected by the Board of Trustees (the "Board"), upon such terms and

conditions and in accordance with such procedures, not inconsistent with law or

these Bylaws, as may be determined by the Board. At any regular or special meeting

of the Board, the Board may elect new Members. Members shall have no voting

or other rights with respect to the Corporation or its activities except as specified

in these Bylaws, and any Member may vote at any meeting of the Members in

person only and not by proxy. Members shall serve until their death or resignation

unless earlier removed with or without cause by the affirmative vote of two-thirds

of the Trustees then in office. Any Member who has retired from his or her home

institution may, upon wntten request to the Corporation, be designated a Life

Member. Life Members shall not have the right to vote and shall not be assessed

for dues.

B. Meetings- The annual meeting of the Members shall be held on the Friday

following the first Tuesday in August of each year, at the Laboratory of the Cor-

poration in Woods Hole. Massachusetts, at 9:30 a.m. The Chairperson of the Board

shall preside at meetings of the Corporation. If no annual meeting is held in ac-

cordance with the foregoing provision, a special meeting may be held in lieu thereol

with the same effect as the annual meeting, and in such case all references in these

Bylaws, except in this Article II. B., to the annual meeting of the Members shall be

deemed to refer to such special meeting. Members shall transact business as may

properly come before the meeting Special meetings of the Members may be called

by the Chairperson or the Trustees, and shall be called by the Clerk, or in the case

of the death, absence, incapacity or refusal by the Clerk, by any other officer, upon

written application of Members representing at least ten percent of the smallest

quorum of Members required for a vote upon any matter at the annual meeting

of the Members, to be held at such time and place as may be designated.

C. Quorum. One hundred (100) Members shall constitute a quorum at any

meeting. Except as otherwise required by law or these Bylaws, the affirmative vote

of a majonty of the Members voting in person at a meeting attended by a quorum

shall constitute action on behalf of the Members.

D. Nolice of Meetings Notice of any annual meeting or special meeting of

Members, if necessary, shall be given by the Clerk by mailing notice of the time

and place and purpose of such meeting at least 15 days before such meeting to

each Member at his or her address as shown on the records of the Corporation.

E. Wavier of Notice. Whenever notice of a meeting is required to be given a

Member, under any provision of the Articles or Organization or Bylaws of the

Corporation, a written waiver thereof, executed before or after the Meeting by such

Member, or his or her duly authorized attorney, shall be deemed equivalent to

such notice.

F. Adjournments Any meeting of the Members may be adjourned to any other

time and place by the vote of a majority of those Members present at the meeting,

whether or not such Members constitute a quorum, or by any officer entitled to

preside at or to act as Clerk of such meeting, if no Member is present or represented.

It shall not be necessary to notify any Members of any adjournment unless no

Member is present or represented at the meeting which is adjourned, in which case,

notice of the adjournment shall be given in accordance with Article II. D. Any

business which could have been transacted at any meeting of the Members as

originally called may be transacted at an adjournment thereof.

ARTICLE III ASSOCIATES OF THE CORPORATION

Associates ofthe Corporation The Associates of the Manne Biological Laboratory

shall be an unincorporated group of persons (including associations and corporations)

interested in the Laboratory and shall be organized and operated under the general

supervision and authority of the Trustees. The Associates of the Manne Biological

Laboratory shall have no voting rights.

ARTICLE IV BOARD OF TRUSTEES

A. Powers The Board of Trustees shall have the control and management of

the affairs of the Corporation. The Trustees shall elect a Chairperson of the Board

who shall serve until his or her successor is elected and qualified. They shall annually

elect a President of the Corporation. They shall annually elect a Vice Chairperson

of the Board who shall be Vice Chairperson of the meetings of the Corporation.

They shall annually elect a Treasurer. They shall annually elect a Clerk, who shall

be a resident of Massachusetts. They shall elect Trustees-at-Large as specified in

this Article IV. They shall appoint a Director of the Laboratory for a term not to

exceed five years, provided the term shall not exceed one year if the candidate has

attained the age of 65 years prior to the date of the appointment. They shall choose

such other officers and agents as they shall think best. They may fix the compensation

of all officers and agents of the Corporation and may remove them at any time.

They may fill vacancies occurring in any of the offices. The Board shall have the

power to choose an Executive Committee from their own number as provided in

Article V, and to delegate to such Committee such of their own powers as they

may deem expedient in addition to those powers conferred by Article V. They

shall, from time to time, elect Members to the Corporation upon such terms and

conditions as they shall have determined, not inconsistent with law or these Bylaws.

B. Composition and Election

1 I ) The Board shall include 24 Trustees elected by the Board as provided

below:

(a) At least six Trustees ("Corporate Trustees") shall be Members who are

scientists, and the other Trustees ("Trustees-at-Large") shall be individuals who

need not be Members or otherwise affiliated with the Corporation.

(b) The 24 elected Trustees shall be divided into four classes of six Trustees

each, with one class to be elected each year to serve for a term of four years, and

with each such class to include at least one Corporate Trustee. Such classes of

Trustees shall be designated by the year of expiration of their respective terms.

(2) The Board shall also include the Chief Executive Officer, Treasurer and

the Chairperson of the Science Council, who shall be ex officio voting members of

the Board.

(3) Although Members or Trustees may recommend individuals for nomi-

nation as Trustees, nominations for Trustee elections shall be made by the Nom-

inating Committee in its sole discretion. The Board may also elect Trustees who

have not been nominated by the Nominating Committee.

C. Eligibililv A Corporate Trustee or a Trustee-at-Large who has been elected

to an initial four-year term or remaining portion thereof, of which he/she has

served at least two years, shall be eligible for re-election to a second four-year term,

but shall be ineligible for re-election to any subsequent term until one year has

elapsed after he/she has last served as a Trustee.

D. Removal Any Trustee may be removed from office at any time with or

without cause, by vote of a majority of the Members entitled to vote in the election

of Trustees; or for cause, by vote of two-thirds of the Trustees then in office. A

Trustee may be removed for cause only if notice of such action shall have been

given to all of the Trustees or Members entitled to vote, as the case may be, prior

to the meeting at which such action is to be taken and if the Trustee to be so

removed shall have been given reasonable notice and opportunity to be heard

before the body proposing to remove him or her.

E. Vacancies. Any vacancy in the Board may be filled by vote of a majority of

the remaining Trustees present at a meeting of Trustees at which a quorum is

present. Any vacancy in the Board resulting from the resignation or removal of a

Corporate Trustee shall be filled by a Member who is a scientist.

F. Meetings Meetings of the Board shall be held from time to time, not less

frequently than twice annually, as determined by the Board. Special meetings of

Trustees may be called by the Chairperson, or by any seven Trustees, to be held

at such time and place as may be designated. The Chairperson of the Board, when

present, shall preside over all meetings of the Trustees. Written notice shall be sent

to a Trustee's usual or last known place of residence at least two weeks before the

meeting. Notice of a meeting need not be given to any Trustee if a written waiver

of notice executed by such Trustee before or after the meeting is filed with the

records of the meeting, or if such Trustee shall attend the meeting without protesting

prior thereto or at its commencement the lack of notice given to him or her.

G. Quorum and Action by Trustees A majonty of all Trustees then in office

shall constitute a quorum. Any meeting of Trustees may be adjourned by vote of

a majority of Trustees present, whether or not a quorum is present, and the meeting

may be held as adjourned without further notice. When a quorum is present at
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any meeting of the Trustees, a majority of the Trustees present and voting (excluding

abstentions) shall decide any question, including the election of officers, unless

otherwise required by law. the Articles of Organization or these Bylaws.

H. Transfers ofInterests in Land There shall be no transfer of title nor long-

term lease of real property held by the Corporation without prior approval of not

less than two-thirds of the Trustees. Such real property transactions shall be finally

acted upon at a meeting of the Board only if presented and discussed at a pnor

meeting of the Board. Either meeting may be a special meeting and no less than

four weeks shall elapse between the two meetings. Any property acquired by the

Corporation after December I. 1989 may be sold, any mortgage or pledge of real

property (regardless of when acquired) to secure borrowings by the Corporation

may be granted, and any transfer of title or interest in real property pursuant to

the foreclosure or endorsement of any such mortgage or pledge of real property

may be effected by any holder of a mortgage or pledge of real property of the

Corporation, with the prior approval of not less than two-thirds of the Trustees

(other than any Trustee or Trustees with a direct or indirect financial interest in

the transaction being considered for approval) who are present at a regular or

special meeting of the Board at which there is a quorum.

ARTICLE V COMMITTEES

A. Executive Committee There shall be an Executive Committee of the Board

of Trustees which shall consist of not more than eleven (II) Trustees, including c.v

officio Trustees, elected by the Board.

The Chairperson of the Board shall act as Chairperson of the Executive Committee

and the Vice Chairperson as Vice Chairperson. The Executive Committee shall

meet at such times and places and upon such notice and appoint such subcommittees

as the Committee shall determine.

The Executive Committee shall have and may exercise all the powers of the

Board dunng the intervals between meetings of the Board except those powers

specifically withheld, from time to time, by vote of the Board or by law. The Executive

Committee may also appoint such committees, including persons who are not

Trustees, as it may, from time to time, approve to make recommendations with

respect to matters to be acted upon by the Executive Committee or the Board.

The Executive Committee shall keep appropriate minutes of its meetings, which

shall be reported to the Board. Any actions taken by the Executive Committee

shall also be reported to the Board.

B. Nominating Committee There shall be a Nominating Committee which shall

consist of not fewer than four nor more than six Trustees appointed by the Board

in a manner which shall reflect the balance between Corporate Trustees and Trustees-

at-Large on the Board. The Nominating Committee shall nominate persons for

election as Corporate Trustees and Trustees-at-Large, Chairperson of the Board,

Vice Chairperson of the Board, President, Treasurer, Clerk. Director of the Lab-

oratory and such other officers, ifany, as needed, in accordance with the requirements

of these Bylaws. The Nominating Committee shall also be responsible for overseeing

the training of new Trustees. The Chairperson of the Board of Trustees shall appoint

the Chairperson of the Nominating Committee. The Chairperson of the Science

Council shall be an ex officio voting member of the Nominating Committee.

C. Science Council There shall be a Science Council (the "Council") which shall

consist of Members of the Corporation elected to the Council by vote of the Members

of the Corporation, and which shall advise the Board with respect to matters con-

cerning the Corporation's mission, its scientific and instructional endeavors, and

the appointment and promotions of persons or committees with responsibility for

matters requiring scientific expertise. Unless otherwise approved by a majority of

the members of the Council, the Chairperson of the Council shall be elected annually

by the Council. The chief executive officer of the Corporation shall be an e'.v officio

voting member of the Council.

D. Board of Overseers There shall be a Board of Overseers which shall consist

of not fewer than five nor more than eight scientists who have expertise concerning

matters with which the Corporation is involved. Members of the Board of Overseers

may or may not be Members of the Corporation and may be appointed by the

Board of Trustees on the basis of recommendations submitted from scientists and

scientific organizations or societies. The Board of Overseers shall be available to

review and offer recommendations to the officers. Trustees and Science Council

regarding scientific activities conducted or proposed by the Corporation and shall

meet from time to time, not less frequently than annually, as determined by the

Board of Trustees.

E. Board Committees Generally The Trustees may elect or appoint one or more

other committees (including, but not limited to, an Investment Committee, a De-

velopment Committee, an Audit Committee, a Facilities and Capital Equipment
Committee and a Long-Range Planning Committee) and may delegate to any such

committee or committees any or all of their powers, except those which by law,

the Articles of Organization or these Bylaws the Trustees are prohibited from del-

egating; provided that any committee to which the powers of the Trustees are

delegated shall consist solely of Trustees. The members of any such committee

shall have such tenure and duties as the Trustees shall determine. The Investment

Committee, which shall oversee the management of the Corporation's endowment
funds and marketable securities shall include as ex officio members, the Chairperson
of the Board, the Treasurer and the Chairperson of the Audit Committee, together

with such Trustees as may be required for not less than two-thirds of the Investment

Committee to consist of Trustees Except as otherwise provided by these Bylaws
or determined by the Trustees, any such committee may make rules for the conduct

of its business, but, unless otherwise provided by the Trustees or in such rules, its

business shall be conducted as nearly as possible in the same manner as is provided

by these Bylaws for the Trustees.

F. Actions Without a Meeting Any action required or permitted to be taken at

any meeting of the Executive Committee or any other committee elected by the

Trustees may be taken without a meeting if all members of such committees consent

to the action in wntmg and such written consents are filed with the records of

meetings. Members of the Executive Committee or any other committee elected

by the Trustees may also participate in any meeting by means of a telephone con-

ference call, or otherwise take action in such a manner as may, from time to time,

be permitted by law.

G. Manual of Procedures. The Board of Trustees, on the recommendation of

the Executive Committee, shall establish guidelines and modifications thereof to

be recorded in a Manual of Procedures. Guidelines shall establish procedures for:

( I ) Nomination and election of members of the Corporation. Board of Trustees

and Executive Committee; (2) Election of Officers, (3) Formation and Function of

Standing Committees.

ARTICLE VI OFFICERS

A. Enumeration. The officers of the Corporation shall consist of a President, a

Treasurer and a Clerk, and such other officers having the powers of President,

Treasurer and Clerk as the Board may determine, and a Director of the Laboratory.

The Corporation may have such other officers and assistant officers as the Board

may determine, including (without limitation) a Chairperson of the Board. Vice

Chairperson and one or more Vice Presidents, Assistant Treasurers or Assistant

Clerks. Any two or more offices may be held by the same person The Chairperson

and Vice Chairperson of the Board shall be elected by and from the Trustees, but

other officers of the Corporation need not be Trustees or Members. If required by

the Trustees, any officer shall give the Corporation a bond for the faithful performance

of his or her duties in such amount and with such surety or sureties as shall be

satisfactory to the Trustees.

B. Tenure Except as otherwise provided by law, by the Articles of Organization

or by these Bylaws, the President, Treasurer, and all other officers shall hold office

until the first meeting of the Board following the annual meeting of Members and

thereafter, until his or her successor is chosen and qualified.

C. Resignation Any officer may resign by delivering his or her written resignation

to the Corporation at its pnncipal office or to the President or Clerk and such

resignation shall be effective upon receipt unless it is specified to be effective at

some other time or upon the happening of some other event.

D. Removal The Board may remove any officer with or without cause by a vote

of a majority of the entire number of Trustees then in office, at a meeting of the

Board called for that purpose and for which notice of the purpose thereof has been

given, provided that an officer may be removed for cause only after having an

opportunity to be heard by the Board at a meeting of the Board at which a quorum
is personally present and voting.

E. I'acancy A vacancy in any office may be filled for the unexpired balance of

the term by vote of a majority of the Trustees present at any meeting of Trustees

at which a quorum is present or by written consent of all of the Trustees, if less

than a quorum of Trustees shall remain in office.

F. Chairperson. The Chairperson shall have such powers and duties as may be

determined by the Board and, unless otherwise determined by the Board, shall

serve in that capacity for a term coterminous with his or her term as Trustee.

G. Vice Chairperson The Vice Chairperson shall perform the duties and exercise

the powers of the Chairperson in the absence or disability of the Chairperson, and

shall perform such other duties and possess such other powers as may be determined

by the Board. Unless otherwise determined by the Board, the Vice Chairperson

shall serve for a one-year term.

H. Director The Director shall be the chief operating officer and, unless otherwise

voted by the Trustees, the chief executive officer of the Corporation. The Director

shall, subject to the direction of the Trustees, have general supervision of the Lab-

oratory and control of the business of the Corporation. At the annual meeting, the



R70 Annual Report

Director shall submit a report of the operations of the Corporation for such year

and a statement of its affairs, and shall, from time to time, report to the Board all

matters within his or her knowledge which the interests of the Corporation may

require to be brought to its notice.

I. Deputy Director. The Deputy Director, if any, or if there shall be more than

one, the Deputy Directors in the order determined by the Trustees, shall, in the

absence or disability of the Director, perform the duties and exercise the powers

of the Director and shall perform such other duties and shall have such other

powers as the Trustees may. from time to time, prescribe.

J. President The President shall have the powers and duties as may be vested

in him or her by the Board.

K. Treasurer and Assistant Treasurer. The Treasurer shall, subject to the direction

of the Trustees, have general charge of the financial affairs of the Corporation,

including its long-range financial planning, and shall cause to be kept accurate

books of account. The Treasurer shall prepare a yearly report on the financial status

of the Corporation to be delivered at the annual meeting. The Treasurer shall also

prepare or oversee all filings required by the Commonwealth of Massachusetts, the

Internal Revenue Service, or other Federal and State Agencies. The account of the

Treasurer shall be audited annually by a certified public accountant.

The Assistant Treasurer, if any, or if there shall be more than one, the Assistant

Treasurers in the order determined by the Trustees, shall, in the absence or disability

of the Treasurer, perform the duties and exercise the powers of the Treasurer, shall

perform such other duties and shall have such other powers as the Trustees may.

from time to time, prescribe.

L. Clerk and Assistant Clerk The Clerk shall be a resident of the Commonwealth

of Massachusetts, unless the Corporation has designated a resident agent in the

manner provided by law. The minutes or records of all meetings of the Trustees

and Members shall be kept by the Clerk who shall record, upon the record books

of the Corporation, minutes of the proceedings at such meetings. He or she shall

have custody of the record books of the Corporation and shall have such other

powers and shall perform such other duties as the Trustees may, from time to time,

prescribe.

The Assistant Clerk, if any, or if there shall be more than one, the Assistant

Clerks in the order determined by the Trustees, shall, in the absence or disability

of the Clerk, perform the duties and exercise the powers of the Clerk and shall

perform such other duties and shall have such other powers as the Trustees may,

from time to time, prescribe.

In the absence of the Clerk and an Assistant Clerk from any meeting, a temporary

Clerk shall be appointed at the meeting.

M. Other Powers ana" Duties Each officer shall have in addition to the duties

and powers specifically set forth in these Bylaws, such duties and powers as are

customarily incident to his or her office, and such duties and powers as the Trustees

may, from time to time, designate.

ARTICLE VII AMENDMENTS

These Bylaws may be amended by the affirmative vote of the Members at any

meeting, provided that notice of the substance of the proposed amendment is stated

in the notice of such meeting. As authonzed by the Articles of Organization, the

Trustees, by a majority of their number then in office, may also make, amend or

repeal these Bylaws, in whole or in part, except with respect to (a) the provisions

of these Bylaws governing (i) the removal of Trustees and (ii) the amendment of

these Bylaws and (b) any provisions of these Bylaws which by law, the Articles of

Organization or these Bylaws, requires action by the Members.

No later than the time of giving notice of meeting of Members next following

the making, amending or repealing by the Trustees of any Bylaw, notice thereof

stating the substance of such change shall be given to all Members entitled to vote

on amending the Bylaws.

Any Bylaw adopted by the Trustees may be amended or repealed by the Members

entitled to vote on amending the Bylaws.

ARTICLE VIII INDEMNITY

Except as otherwise provided below, the Corporation shall, to the extent legally

permissible, indemnify each person who is, or shall have been, a Trustee, director

or officer of the Corporation or who is serving, or shall have served at the request

of the Corporation as a Trustee, director or officer of another organization in which

the Corporation directly or indirectly has any interest as a shareholder, creditor or

otherwise, against all liabilities and expenses (including judgments, fines, penalties,

and reasonable attorneys' fees and all amounts paid, other than to the Corporation

or such other organization, in compromise or settlement) imposed upon or incurred

by any such person in connection with, or arising out of, the defense or disposition

of any action, suit or other proceeding, whether civil or criminal, in which he or

she may be a defendant or with which he or she may be threatened or otherwise

involved, directly or indirectly, by reason of his or her being or having been such

a Trustee, director or officer.

The Corporation shall provide no indemnification with respect to any matter as

to which any such Trustee, director or officer shall be finally adjudicated in such

action, suit or proceeding not to have acted in good faith in the reasonable belief

that his or her action was in the best interests of the Corporation. The Corporation

shall provide no indemnification with respect to any matter settled or comprised

unless such matter shall have been approved as in the best interests of the Cor-

poration, after notice that indemnification is involved, by (i) a disinterested majority

of the Board of the Executive Committee, or (ii) a majority of the Members.

Indemnification may include payment by the Corporation of expenses in de-

fending a civil or criminal action or proceeding in advance of the final disposition

of such action or proceeding upon receipt of an undertaking by the person indem-

nified to repay such payment if it is ultimately determined that such person is not

entitled to indemnification under the provisions of this Article VIII, or under any

applicable law.

As used in the Article VIII, the terms "Trustee," "director," and "officer" include

their respective heirs, executors, administrators and legal representatives, and an

"interested" Trustee, director or officer is one against whom in such capacity the

proceeding in question or another proceeding on the same or similar grounds is

then pending.

To assure indemnification under this Article VIII of all persons who are determined

by the Corporation or otherwise to be or to have been "fiduciaries" ofany employee

benefits plan of the Corporation which may exist, from time to time, this Article

VIII shall be interpreted as follows: (i) "another organization" shall be deemed to

include such an employee benefit plan, including without limitation, any plan of

the Corporation which is governed by the Act of Congress entitled "Employee

Retirement Income Security Act of 1974," as amended, from time to time. ("ER-

ISA"); (ii) "Trustee" shall be deemed to include any person requested by the Cor-

poration to serve as such for an employee benefit plan where the performance by

such person of his or her duties to the Corporation also imposes duties on, or

otherwise involves services by, such person to the plan or participants or beneficiaries

of the plan; (iii) "fines" shall be deemed to include any excise tax plan pursuant

to ERISA; and (iv) actions taken or omitted by a person with respect to an employee

benefit plan in the performance of such person's duties for a purpose reasonably

believed by such person to be in the interest of the participants and beneficiaries

of the plan shall be deemed to be for a purpose which is in the best interests of the

Corporation.

The right of indemnification provided in this Article VIII shall not be exclusive

of or affect any other rights to which any Trustee, director or officer may be entitled

under any agreement, statute, vote of Members or otherwise. The Corporation's

obligation to provide indemnification under this Article VIII shall be offset to the

extent ofany other source of indemnification ofany otherwise applicable insurance

coverage under a policy maintained by the Corporation or any other person. Nothing

contained in the Article shall affect any rights to which employees and corporate

personnel other than Trustees, directors or officers may be entitled by contract, by

vote of the Board or of the Executive Committee or otherwise.

ARTICLE IX DISSOLUTION

The consent of every Trustee shall be necessary to effect a dissolution of the

Marine Biological Laboratory. In case of dissolution, the property shall be disposed

of in such a manner and upon such terms as shall be determined by the affirmative

vote of two-thirds of the Trustees then in office in accordance with the laws of the

Commonwealth of Massachusetts.

ARTICLE X MISCELLANEOUS PROVISIONS

A. Fiscal Year. Except as otherwise determined by the Trustees, the fiscal year

of the Corporation shall end on December 31st of each year.

B. Seal. Unless otherwise determined by the Trustees, the Corporation may

have a seal in such form as the Trustees may determine, from time to time.

C. Execution ofInstruments All checks, deeds, leases, transfers, contracts, bonds,

notes and other obligations authorized to be executed by an officer of the Corporation

in its behalf shall be signed by the Director or the Treasurer except as the Trustees

may generally or in particular cases otherwise determine. A certificate by the Clerk

or an Assistant Clerk, or a temporary Clerk, as to any action taken by the Members,

Board o! Trustees or any officer or representative of the Corporation shall as to all

persons who rely thereon in good faith be conclusive evidence of such action.

D. Corporate Records. The original, or attested copies, of the Articles of Orga-
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nizalion. Bylaws and records of all meetings of the Members shall be kept in Mas-

sachusetts at the principal office of the Corporation, or at an office of the Corpo-

ration's Clerk or resident agent. Said copies and records need not all be kept in the

same office. They shall be available at all reasonable times for inspection by any
Member for any proper purpose, but not to secure a list of Members for a purpose

other than in the interest of the applicant, as a Member, relative to the affairs of

the Corporation.

E. Articles of Organization All references in these Bylaws to the Articles of

Organization shall be deemed to refer to the Articles of Organization of the Cor-

poration, as amended and in effect, from time to time.

F. Transactions n-ith Interested Parties In the absence of fraud, no contract or

other transaction between this Corporation and any other corporation or any firm,

association, partnership or person shall be affected or invalidated by the fact that

any Trustee or officer of this Corporation is pecuniarily or otherwise interested in

or is a director, member or officer of such other corporation or of such firm, as-

sociation or partnership or in a party to or is pecuniarily or otherwise interested

in such contract or other transaction or is in any way connected with any person

or person, firm, association, partnership, or corporation pecuniarily or otherwise

interested therein; provided that the fact that he or she individually or as a director,

member or officer of such corporation, firm, association or partnership in such a

party or is so interested shall be disclosed to or shall have been known by the Board

of Trustees or a majority of such Members thereof as shall be present at a meeting
of the Board of Trustees at which action upon any such contract or transaction

shall be taken; any Trustee may be counted in determining the existence of a

quorum and may vote at any meeting of the Board of Trustees for the purpose of

authonzing any such contract or transaction with like force and effect as if he/she

were not so interested, or were not a director, member or officer of such other

corporation, firm, association or partnership, provided that any vote with respect

to such contract or transaction must be adopted by a majority of the Trustees then

in office who have no interest in such contract or transaction.
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INSTRUCTIONS TO AUTHORS
The Biological Bulletin accepts outstanding original research

reports of general interest to biologists throughout the world.

Papers are usually of intermediate length (10-40 manuscript

pages). A limited number of solicited review papers may be ac-

cepted after formal review. A paper will usually appear within

four months after its acceptance.

Very short, especially topical papers (less than 9 manuscript

pages including tables, figures, and bibliography) will be pub-

lished in a separate section entitled "Research Notes." A Re-

search Note in The Biological Bulletin follows the format of

similar notes in Nature- It should open with a summary para-

graph of 150 to 200 words comprising the introduction and the

conclusions. The rest of the text should continue on without

subheadings, and there should be no more than 30 references.

References should be referred to in the text by number, and

listed in the Literature Cited section in the order that they appear

in the text. Unlike references in Nature, references in the Re-

search Notes section should conform in punctuation and ar-

rangement to the style of recent issues of The Biological Bulletin.

Materials and Methods should be incorporated into appropriate

figure legends. See the article by Lohmann et ai (October 1990,

Vol. 179: 214-2 1 8) for sample style. A Research Note will usually

appear within two months after its acceptance.

The Editorial Board requests that regular manuscripts con-

form to the requirements set below; those manuscripts that do

not conform will be returned to authors for correction before

review.

1. Manuscripts. Manuscripts, including figures, should

be submitted in triplicate. (Xerox copies of photographs are not

acceptable for review purposes.) The submission letter accom-

panying the manuscript should include a telephone number, a

FAX number, and (if possible) an E-mail address for the cor-

responding author. The original manuscript must be typed in

no smaller than 12 pitch or 10 point, using double spacing (/;;-

eluding figure legends, footnotes, bibliography, etc.) on one side

of 16- or 20-lb. bond paper, 8 1

/: by 1 1 inches. Please, no right

justification. Manuscripts should be proofread carefully and er-

rors corrected legibly in black ink. Pages should be numbered

consecutively. Margins on all sides should be at least 1 inch (2.5

cm). Manuscripts should conform to the Council of Biology Ed-

itors Style Manual. 5th Edition (Council of Biology Editors,

1983) and to American spelling. Unusual abbreviations should

be kept to a minimum and should be spelled out on first reference

as well as defined in a footnote on the title page. Manuscripts

should be divided into the following components: Title page.

Abstract (of no more than 200 words). Introduction, Materials

and Methods. Results, Discussion. Acknowledgments, Literature

Cited, Tables, and Figure Legends. In addition, authors should

supply a list of words and phrases under which the article should

be indexed.

2. Title page. The title page consists of a condensed title

or running head of no more than 35 letters and spaces, the

manuscript title, authors' names and appropriate addresses, and

footnotes listing present addresses, acknowledgments or contri-

bution numbers, and explanation of unusual abbreviations.

3. Figures. The dimensions of the printed page, 7 by 9

inches, should be kept in mind in preparing figures for publi-

cation. We recommend that figures be about I '/? times the linear

dimensions of the final printing desired, and that the ratio of

the largest to the smallest letter or number and of the thickest

to the thinnest line not exceed 1:1.5. Explanatory' matter gen-

erally should be included in legends, although axes should always

be identified on the illustration itself. Figures should be prepared

for reproduction as either line cuts or halftones. Figures to be

reproduced as line cuts should be unmounted glossy photo-

graphic reproductions or drawn in black ink on white paper,

good-quality tracing cloth or plastic, or blue-lined coordinate

paper. Those to be reproduced as halftones should be mounted

on board, with both designating numbers or letters and scale

bars affixed directly to the figures. All figures should be numbered

in consecutive order, with no distinction between text and plate

figures. The author's name and an arrow indicating orientation

should appear on the reverse side of all figures.

4. Tables, footnotes, figure legends, etc. Authors should

follow the style in a recent issue of The Biological Bulletin in

preparing table headings, figure legends, and the like. Because

of the high cost of setting tabular material in type, authors are

asked to limit such material as much as possible. Tables, with

their headings and footnotes, should be typed on separate sheets,

numbered with consecutive Roman numerals, and placed after



the Literature Cited. Figure legends should contain enough in-

formation to make the figure intelligible separate from the text.

Legends should he typed double spaced, with consecutive Arabic

numbers, on a separate sheet at the end of the paper. Footnotes

should be limited to authors' current addresses, acknowledg-

ments or contribution numbers, and explanation of unusual

abbreviations. All such footnotes should appear on the title page.

Footnotes are not normally permitted in the body of the text.

5. Literature cited. In the text, literature should be cited

by the Harvard system, with papers by more than two authors

cited as Jones ct ai, 1980. Personal communications and ma-

terial in preparation or in press should be cited in the text only,

with author's initials and institutions, unless the material has

been formally accepted and a volume number can be supplied.

The list of references following the text should be headed Lit-

erature Cited, and must be typed double spaced on separate

pages, conforming in punctuation and arrangement to the style

of recent issues of The Biological Bulletin. Citations should in-

clude complete titles and inclusive pagination. Journal abbre-

viations should normally follow those of the U. S. A. Standards

Institute (USASI), as adopted by BIOLOGICAL ABSTRACTS and

CHEMICAL ABSTRACTS, with the minor differences set out below.

The most generally useful list of biological journal titles is that
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A Tribute to Professor Katsuma Dan
on His 90th Birthday

Professor KaLsuma Dan at the Misaki Marine Biological Station

Centennial Celebration, 1987.
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LABORATORY

O 2 5 4 3 (5 OS) 5 48 3 7O5

August 19, 1994

Professor Katsuma Dan
Francisco Villa #338
3-19-8

Kami-yoga
Setagaya-ku, 158 Tokyo
JAPAN

Dear Katie,

We take the occasion of your 90th Birthday to extend to you our deep appreciation for your long
and close association with the Marine Biological Laboratory, which began more than 60 years

ago when you and your colleagues first came to Woods Hole. A few years later, you joined our

sister institution in Japan, the Misaki Marine Station, and thus you became the common bond
between these centers of marine biology.

We, here at the MBL, are very much aware of the fact that your efforts in teaching and research

here and at Misaki have had a profound effect, not only on biological science but also on the

marine stations. You were the bond that drew them closer together in the common pursuit of

basic research. This was accomplished despite an unfortunate war, when you prevailed upon the

commanding officer of the U.S. Naval forces to save the Misaki Station for the students and their

professors.

Your great and salutary influence on our two institutions will continue in the coming years
because of the Jean and Katsuma Dan Fellowships that were established in your honor. The

exchange of Japanese and American students to our institutions made possible by these

Fellowships will continue to draw together not only our institutions, but also our two countries in

this sharing of future scientists and scientific knowledge.

So we send our heartfelt thanks to you, Katie, for all the things you have done for us on the

advent of your 90th birthday. We want you to know that we are forever grateful.

Yours sincerely,

Bums
tor/CEO
ne Biological Laboratory

Sheldon SegaL^/ //
Chairman oWne Boarded/
Marine Bjwfogical Laboratory
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MARINE BIOLOGICAL LABORATORY

WOODS HOLE MASSACHUSETTS O2543 I5O8I 548 37O5

October, 1994

Professor Katsuma Dan
Francisca Villa #338

3-19-8

Kami-yoga

Setagaya-ku, 158 Tokyo
JAPAN

Dear Katie.

In ten short months, 50 years will have passed since your hand-written message prompted American forces to return

the Misaki Lab to the biology students of Japan. Who but you could have imagined that your plea, brush-stroked on

wrapping paper, would have led to such reasonable action by an occupation force?

After the War, you and Jean nursed me back to health in your Nagai home, and then sustained me with scholarship.

It was the start of a new life for Kayo and Endo-san and myself when we finally all reassembled in your and Jean's

second floor laboratory overlooking Abura-tsubo Bay.

After Jean successfully negotiated with the U.S. armed forces to return the land that had been taken from local

farmers by the Japanese military, you brought her back into the lab. There, using the same phase contrast microscope
that she had brought to you after her first trip back to the States. Jean subsequently discovered the acrosomal reaction.

By then she had arranged a fellowship for me to do my graduate work at Princeton. That allowed me to visit Woods
Hole and the MBL, where I met Dan Mazia, Don Costello, Suzie and Burr Steinbach. L. V. Heilbrunn, Doc Chambers,
Marion Osterhout, and Jim Graham, all of whom I'd heard so much about from you and Jean.

I remember so much from our days together: Your first class at Musashi, for instance, where, perched on the lectern

you surprised us by asking "Now, what shall we talk about today?" You challenged three rascals in our lab session

(Tsuruta, Tamiya, and me) to "figure out how impulse is transmitted along Lillie's passivated iron wire model of nerve

conduction." I remember as if it were yesterday the exciting discussion and experiments that we designed to distinguish

between a chemical and electrical signal that propagated the wave of brown nitrous oxide along the wire. I remember,

too, sneaking out to snip off some of the iron cable that wrapped around the old telephone pole in front of the school.

Then there was our first field trip to Misaki where you showed us a meter-long chain of Salpa floating in the Pacific

at the edge of the Kuroshio; Euplectella hosting its shrimp at the floor of Abura-tsubo Bay; the Comantm that spawned
in unison on cue from the moon and tide; the long train of hermaphroditic sea slugs crawling up the slippery docking

ramp; and, of course, the many tide-pool creatures hiding beneath the rocks.

It was into one of these same tide pools that the Empress nearly slipped when she, the very young Crown Prince,

and the Emperor were enjoying the new-found freedom during their first trip to Misaki after he was released from

being worshipped as deity. For their visit you suggested that I demonstrate the twinkling birefringence of biocrystalline

spicules in swimming sea urchin plutei. I assembled my first Shinya-scope. with string and wooden blocks onto a cast-

off machine gun base, in preparation for that demonstration. The assembly held together well for the demonstration,

and I understand that it also served Kayo and your own needs for a number of years after I had left for Princeton.

I remember well those years between Musashi and the end of the war. That evening at your house in Kudan when
we tried, during an air-raid blackout, to repeat W. J. Schmidt's observation of spindle birefringence. Your being

punished at Tokyo University for accepting me as your student. And my naivete in not having the faintest idea that
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the space carved out for me among the big jars of pickled fish in the basement was the zoology department's revenge

against you for daring to take on a graduate student.

As you say, those were challenging yet happy days for us. I wonder: if it hadn't been for the experience of having

had to make do, of having one way or another to carve out our tools and ideas with our own hands and imagination,

would I have been able to lead as full a life as I have? Do today's students suffer from having too much of a good

thing
1

?

Clearly, it wasn't just having to make do that helped my scientific career. In addition to friendship and encouragement,

you and Jean showed me that seemingly insurmountable hurdles can indeed be overcome. Your example must have,

if only subconsciously, provided me with an almost stubborn optimism. And now, just short of half a century later, I

find myself working at the MBL as the senior resident scientist.

Today Sylvia and I send you our warmest greetings for your 90th birthday. We are always grateful for your generous

warm friendship, and look forward to many more happy occasions that we can share together.

Most affectionately,

Shinya

DR. SHINYA INOUE

40 Shore Street

Falmouth. MA 02540

USA

References:

Dan, K. 1987. "Uni toh kataru." (Dialogue with sea urchin.) Gakkai Shuppan Center, Tokyo.

Inoue, Shinya. 1988. The Living Spindle. /.ooloKicul Science 5: 529-538.



A TRIBUTE TO KATSUMA DAN 129

ti stor

Si Jr^

y
Y

y
tt

you
art fro* a'Ktf

faett y

it* <$< 4+9*"

f*
v

/ v

THIS NOTICE WAS FOUND POSTED ON THE DOOR OF THE

UNIVERSITY OF TOKYO MARINE BIOLOGICAL STATION

LOCATED AT A MIDGET SUBMARINE BASE, MOROISO KO,

JAPAN, ON SEPTEMBER 2, 1945, BY UNITS OF U. S.

SUBMARINE SQUADRON TWENTY.



130 A TRIBUTE TO KATSUMA DAN

Jan. 16th, 1946

Dear Don:

Hello Don! No matter how many years I havn't written to you,
still I have to start in the usual way. How are you? One day toward
the end of last year, Lieutenant Coe dropped in, bringing your message.
He came all the way from Tokyo in a jeep and must be quite tired, for he
didn't stay long. But we gathered enough information about you and we
were quite happy.

We got another friend here. Can you guss who it is? Edwin Helwig.
But since he has been away from home for three years, the informations
we can get through him are slightly stale.

In the last four years, we simply had lots of things. But ducking
under bombs was not so bad. Rather it was a great excitement. Hide and
seek at the expense of your life cann't help being exciting. There was,
however, an awful side to it too.

During first three years of the war, our everyday life was not

fundamentally affected and we could work regularly. Then, in January, a

year ago from now, the Japanese navy took over the station and changed
it to a temporary submarine base. As a result, the laboratory moved to
a near-by village. Although, we succeeded in getting a wooden building
built, we had a hard time to install sea-water pumps and so forth. When
the war was over, the American troops occupied the station, for the
reason that the Japanese navy had been ther/e. When American officers
came there for the first time to take over the place, I went there. It

was a funny experience. On one side of a long table, three American
officers were sitting and on the opposite side two Japanese navy
officers and I were sitting. They served beer and canned asparagus with
tomato ketchup. This slightly cute menu made me smile. But, oh boy,
the both sides were pretty much excited. I am sure they were really
scared of each other. They yelled whatever they wanted to say at the

top of their voice but never listened to the other side. And an

interpreter translated off and on, paying no attention whether it made
sense or not. I was partly absorbed in watching the chaos and partly in
the asparagus and was still partly absorbing the beer. Neither side
understood the other. But to start with neitheide knew what they were

going to say. Toward the end, I was loudly laughing which nobody
noticed. Somehow the meeting came to end. So I started to*work. I

stuck to a major and explained to him that this building originally
belonged to the University etc., etc. In ten minutes, he began to see
the situation. As soon as I saw the sign of dawning in his chaotic
mind, I ran back to the building, wrote a psoter asking soldiers to take
good care of the place because it is a research institute, pasted it on
the wall and took leave from the back door leaving the noisy bunch
there. There was no way to know what influence the poster excerted on
the American soldiers who came there. But to my greatest surprise, in a

copy of over-sea edition of Time issued in the beginning of December, I

came across my own words all printed. Moreover, it had a title "Appeal
to Gothe".

From Katsuma
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Katsuma Dan and the Quiet Revolution
1

His many friends and admirers throughout the world may, at first thought, find my characterization of Katsuma
Dan as a revolutionary more than a little disquieting. Yet, in truth, he, along with a small band of like-minded

innovators, fomented a profound change in our thinking about the mechanisms of development.

Today students of development everywhere focus their attention on surface interactions of cells, on the nature of

signals, of cell receptors, of the role of ions, and of contractile proteins in differentiation and morphogenesis. However,
our ability, indeed our willingness, to explore developmental mechanisms in this perspective have emerged slowly over

several decades in contrast to the almost cataclysmic effects on developmental biology of the "quest for the organizer".

It has been a quiet revolution.

It may be less apparent to younger readers, reared in the second messenger era, than to an older generation brought

up to believe that cell-cell interactions require the exchange of "information" contained in large molecules, putatively

nucleic acids, but Dan's career is a paradigm of independent thought nourished by strong convictions, sustained by
an accomplished wife and brought to fruition by his technical ingenuity.

Armed with his doctorate from the University of Pennsylvania in 1934, Dan returned to the Misaki Marine Station

where he and his colleagues forged new trails in studies of the mechanisms of cell division and morphogenesis. His

investigations of the mitotic apparatus, SH-protein fractions of the cytoplasm, and on the origin of form in the sea

urchin embryo and larva, which span several decades, are all the more remarkable because they were accomplished
first in the face of the gathering storm ofWorld War II and later against the tide of the extraordinary advances generated

by the one gene-one enzyme hypothesis, leading on the one hand to the emergence of molecular genetics and nucleic

acid chemistry as focal fields of research, and, on the other, to diminishing opportunities for studying the behavior of

cells and groups of cells. Happily, revolutionary discoveries neither die nor fade away. Today Dan's prescient contri-

butions are fresh and meaningful.

How does one capture the essence of this incomparable scientist? One can speak of his courage and his indomitable

spirit, of his leadership and capacity for persuasion, of his continuing impact on the world community of scholars.

These attributes are important yet they scarcely begin to describe the rich tapestry that is Katsuma Dan. How does

one describe a virtuoso: a Toscanini. a Titian, a Kawabata, a Dan? On an earlier occasion I quoted the words of Lao

Tzu. They are especially appropriate here:

"See simplicity in the complicated.

Achieve greatness in small things"

Dan's accomplishments stem from a deep simplicity: it appears at times that he is able to talk with cells. Like other

masters before him, Dan understands full well that cells do not yield their secrets unless they are asked the right

questions.

Dan and I taught together in the Embryology Course at the Marine Biological Laboratory in the summer of 1962.

He is a gifted teacher, luminous and intense, providing the vital ingredients in that long and delicate process by which

the young mind attains the ability to make informed choices between alternatives. Teaching at the MBL is characterized

by the most intimate interactions of teacher and student. In that setting Dan was a master, teaching by example,

thereby emphasizing the importance of exercising critical judgment and the character to choose scientific tasks not for

their ease but for their importance.

Dan bears his mastery with modesty. A quotation ascribed to Goethe possibly best captures his spirit: "Ultimately

the reason I prefer to associate harmoniously with Nature is that she is always right and error can be only on my side".

JAMES D. EBERT

Baltimore and Woods Hole

October 22, 1975

1

Reprinted by permission of the author and Development Growth & Differentiation Vol. 18: i-ii.
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A Metamorphic Inducer in the Opisthobranch
Haminaea callidegenita: Partial Purification

and Biological Activity

GLENYS D. GIBSON 1 AND FU-SHIANG CHIA2

Zoology Department, University ofAlberta. Edmonton, Alberta, Canada T6G 2E9

Abstract. Larvae of Haminaea callidegenita ( Mollusca:

Cephalaspidea) were induced to metamorphose by a

compound found in the gelatinous matrix composing

most of the egg mass. A functionally similar compound
isolated from adult tissue also induced metamorphosis in

H. callidegenita larvae. Opisthobranchs are frequently in-

duced to metamorphose by a specific prey item or a sub-

strate characteristic of the adult habitat, but this is the

first known instance of metamorphosis occurring in re-

sponse to a compound produced by adult conspecifics.

The inducer was purified from egg mass jelly (EMJ) by

high pressure liquid chromatography (HPLC) and was

found to be smaller than 1000 Da. polar, non-protein-

aceous, and very stable. We isolated a compound of iden-

tical activity from egg masses produced by four other op-

isthobranch species, suggesting that the same or chemically

similar compounds are intrinsic to opisthobranch egg

masses. However, only H. callidegenita larvae metamor-

phosed in response to EMJ. Competent larvae of five other

mollusc species did not respond to the partially purified

EMJ inducer but did respond to a specific substrate as-

sociated with each species. The presence of the inducer

within the egg mass causes an unusual developmental

pattern in H. callidegenita, a poecilogonous species that

produces both swimming veliger and crawling juvenile

offspring.

Introduction

Larvae of most benthic marine invertebrate species are

induced to metamorphose by a cue. either chemical or

Received 31 May 1994; accepted 4 August 1994.
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Present Address: Scripps Institution of Oceanography, Marine Life

Research Group, 9500 Oilman Drive. La Jolla. CA 92093-0218.
2
Present Address: Hong Kong Institute of Science and Technology,

Clear Water Bay. Kowloon. Hong Kong.

physical, that identifies a specific habitat as suitable for

juvenile or adult existence (reviewed by Pawlik, 1992).

This cue, or metamorphic inducer, triggers a radical

transformation of the morphology, physiology, ecology,

and behavior of the larva to the juvenile stage. Chemical

inducers are water-borne or tactile, and originate from

conspecifics, prey species, or a characteristic micro- or

macrobiotic substrate (bacterial film or an algal, inver-

tebrate, or vertebrate species; see Pawlik, 1992). For ex-

ample, most progress in the isolation of metamorphic in-

ducers in opisthobranchs has involved two nudibranchs,

both of which are induced to metamorphose by a highly

specific adult prey species. Larvae of Phestilla sibogae

metamorphose in response to a small, water-soluble mol-

ecule derived from the coral Ponies (Hadfield, 1977;

Hadfield and Scheuer. 1985). and those of Eiibranchus

doriae respond to a small, polar compound with glucosidic

residues originating from the hydroid Kirchenpaueria

(Bahamondes-Rojas, 1988; Bahamondes-Rojas and

Dherbomez, 1990). Despite many attempts to purify

metamorphic inducers in marine invertebrates in general,

such inducers have been identified for only a few species

and include a variety of chemical groups (see review by

Pawlik, 1992; also Kitamura et a!.. 1993).

The opisthobranch Haminaea callidegenita (Haminaea
= Haminoea [cf. Giannuzzi-Savelli and Gentry, 1990]) is

induced to metamorphose by a compound found in the

gelatinous layers composing most of the egg mass (Gibson

and Chia. 1989a). An unusual life history results in which

half the siblings per egg mass metamorphose in response

to egg mass jelly (EMJ; the metamorphic inducer) to hatch

as crawling juveniles. The other half hatch as swimming

veligers and, during a two-week planktonic period, grad-

ually become competent to metamorphose in response to

EMJ as well as to other substrates indicative of a juvenile
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food source (Gibson, 1993). Only EMJ induces intracap-

sular metamorphosis; veligers do not become sensitive to

the other substrates until alV; latching (Gibson and Chia,

1989a). The ecological < < > .,uence of this developmental

pattern is that each r ;it simultaneously produces both

dispersive (lecithotrophic veliger) and nondispersive (ju-

venile) offspring. Haichling type depends on the presence

of EMJ before hatching and the time at which metamor-

phic competence occurs (before or after hatching).

In this paper, we characterize the metamorphic inducer

found in EMJ and describe purification techniques. The

inducer was smaller than 1000 Da in molecular weight,

polar, and stable to temperature and acid. We also describe

the ecological distribution of the EMJ inducer that influ-

ences its activity. A functionally similar compound was

extracted from adult //. callidegenita tissue as well as from

the egg masses of other opisthobranch species. Metamor-

phic inducing activity of EMJ was specific to H. callide-

genita larvae. We have focused on intracapsular meta-

morphosis only, because this is the basis for poecilogony

in this species; substrates that induce metamorphosis after

hatching are described elsewhere (Gibson. 1993).

Materials and Methods

Culture and bioassay procedures

Haminaea callidegenita were collected at Padilla Bay
or Spencer Spit and maintained after collection at the

University of Washington, Friday Harbor Laboratories,

all in Washington State. Egg masses used in these assays

were collected either in the field or within 24 h of natural

spawning by animals maintained in the laboratory. Cul-

ture techniques for adults are described elsewhere (Gibson,

1993). Gastrulae were separated from the sausage-shaped

egg mass by removing the jelly layers composing most of

the mass because this jelly is known to induce metamor-

phosis within the egg mass (Gibson and Chia, 1989a).

EMJ was removed from developing embryos with fine

forceps, then the embryos were rinsed in 1-^m filtered

seawater (fSW). Embryos were still contained by an em-

bryonic capsule. Unlike the egg masses of other opis-

thobranchs, H. callidegenita egg masses fall apart easily

and all traces of EMJ can be removed. Embryos were

cultured in 100 ml of fSW at 17C, and cultures were

cleaned twice weekly. Hatching, defined as the escape of

larvae or juveniles from the capsule, began about 14 days

after spawning. In intact egg masses, hatchlings must also

crawl through the jelly matrix; thus hatching takes slightly

longer in intact masses (4-5 days; Gibson, 1993) than in

separated capsules (maximum of 2-3 days).

About 10 days after oviposition, encapsulated larvae

were placed in cultures containing potential metamorphic
inducers. Cultures were maintained in tissue culture plates

(Falcon Wells) containing 1 to 2 ml of fSW and a single

inducer (defined below) at 17C. About 15 to 20 larvae

were placed in each well, depending on the size of the egg

mass used and the number of wells required for the assay.

At 24-h intervals, new hatchlings were counted and re-

moved under a Wild M-5 microscope. Hatchlings were

removed daily so that estimates would not include post-

hatching metamorphosis (either spontaneous or in re-

sponse to the tested inducer), which begins within 3 days

of hatching (Gibson, 1993). Hatchlings were immediately

scored as veligers or juveniles. Veligers were identified by

the presence of an intact, ciliated velum and were either

swimming or, less frequently, crawling. Individuals iden-

tified as metamorphosed juveniles had lost the velar cilia

and the velar lobes had been resorbed (in many cephal-

aspideans, the shell is retained through the adult stage).

Additional morphological changes (shell growth, elon-

gation of the foot, acquisition of feeding structures and

onset of feeding) occur within 2-3 days after hatching

(Gibson and Chia, 1989a). The percentage of juveniles

hatching in each well was determined for each day of the

hatching period and is generally presented as a cumulative

percent for each clutch by the end of the hatching period.

Data are presented as the mean ( standard error) per-

centage of intracapsular metamorphosis occurring per

treatment; data were arcsin transformed before further

statistical analysis. Sample size refers to the number of

egg masses (= number of clutches) used. Subgroups of

larvae from each mass were simultaneously tested for each

treatment per assay to allow an inter-clutch comparison

of metamorphic rates. This comparison was necessary be-

cause larvae from different clutches are known to show

variable rates of intracapsular metamorphosis (ranging

from 4-100% in intact egg masses) arising from a genet-

ically determined time of metamorphic competence

(Gibson, 1993).

All assays contained two standard controls: (1) sepa-

rated embryos cultured in fSW to determine the per-

centage of siblings per clutch undergoing spontaneous

metamorphosis in absence of inducer; and (2) embryos
cultured with untreated EMJ (about 1 mm 3

per well) to

determine the proportion of embryos per mass competent

to metamorphose during the assay period. Antibiotics

were added to culture water to prevent degradation of

EMJ or jelly extract (40 mg/1 each of streptomycin sulfate

and penicillin G).

Characterization and purification ofthe metamorphic

inducer in egg mass jelly

EMJ was collected, drained of seawater, and stored fro-

zen at either -9 or -60C. About 1 mm 3
of untreated or

experimentally treated EMJ (wet volume) was added to

the indicated assay. In all cases, EMJ was thawed and

thoroughly rinsed, first in distilled water and then in fSW,

to remove any residual contaminants of each treatment.
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The general stability of the metamorphic inducer in

EMJ was determined by boiling ( 100C. 20 min) or by

lyophilizing ( 46C, 24 h) manually homogenized EMJ.

Stability of inducer in the presence of acid was determined

by acidifying an aqueous EMJ homogenate with acetic

acid (0.1 M. 2 h). EMJ was also treated with one of two

nonspecific proteases to determine if the inducer was pro-

teinaceous. Proteinase K (final concentration 0.1 mg/ml)
was added to 5 ml EMJ for 90 min at 18-20C. Protease

XIV from Streptomyces griseus (Sigma P-5 147; final con-

centration 1 mg/ml) was added to 20 ml EMJ in 20 ml

fSW at 17-20C for 12 h. with continual mixing.

The molecular weight of the inducer was estimated with

Amicon diaflo ultrafilters. We used a methanol (MeOH)
EMJ extract, rather than EMJ pieces, in this bioassay to

prevent clogging of the ultrafilters with the large muco-

proteins composing much of the gelatinous matrix. Ly-

ophilized EMJ (15 ml wet volume) was twice extracted

(1 h each) with 25 ml MeOH. The combined extract was

centrifuged (3000 rpm. 5 min.), the supernatant lyophi-

lized, resuspended in distilled water, then filtered through
both 5000 Da (Amicon YM5) and 1000 Da (Amicon

YM2) ultrafilters (flow rates of 1 ml/2.5 min.). All solu-

tions were lyophilized and resuspended in 30 ml fSW.

Bioactivity was tested at several stages: ( 1 ) MeOH residue

resuspended in distilled water before centrifugation: (2)

distilled water suspension before filtration: (3) filtrates:

and (4) residue from both YM5 and YM2 filters.

The inducer was isolated from EMJ by sequentially

extracting the jelly with organic solvents of increasing po-

larity (20 ml each), including hexane, diethyl ether. 1:1

diethyl ether: methanol. methanol. and distilled water

(Pawlik. 1986). Solvent was added to lyophilized EMJ
( 10 ml wet volume) and sonicated for 1 min, followed by
extraction for 1 h with continual gentle agitation. Solvents

were filtered, dried, resuspended in fSW, and added to

each Falcon well (2-ml aliquots). Individual solvents were

also tested (in absence of EMJ) for potential effects by

evaporating an equivalent volume of solvent and resus-

pending any possible residue in fSW
(<.;/.' Pennington and

Hadfield. 1989).

The metamorphic inducer was partitioned from the

active fraction (MeOH extract) with HPLC (Spectra-

Physics) using two buffer systems (gradient and isocratic).

Bioactivity was determined for both crude MeOH extract

(50 n\ resuspended in 2 ml fSW) and HPLC fractions

pooled over 2-min intervals (corresponding to 50 ^1 crude

extract/2 ml fSW). Lyophilized EMJ was extracted with

hexane to remove nonpolar compounds: eluant was dis-

carded and EMJ dried. Residual EMJ was extracted with

absolute MeOH as described above. The centrifuged

MeOH extract was injected (100/ul) onto an Alltech

RPC18 column (25 cm X 4.6 mm. 10 /jm particle size)

and partitioned on a buffer gradient from 100% methanol

to 100% water over 30 min. Fractions were collected at

1-min intervals. All fractions were tested for inductive

activity regardless of the presence of a visible peak (UV-
vis detector set at 254 nm). Solvent was evaporated, the

residue was resuspended in fSW. and the resuspension

was added to Falcon wells and assayed as outlined above.

Two fractions were found to contain activity (min 9-10,

17-18). To determine if both peaks represent the same

or similar compounds, fractions containing the first peak
of activity (min 9-10) were collected for three runs (300 /ul

original crude extract), concentrated in absolute MeOH.
and repartitioned at the same gradient conditions. Frac-

tions were collected and assayed as described above. In

the final step of the purification procedure, the two active

peaks (min 9-10. 17-18) were collected for three runs

(300jul crude extract), pooled, dissolved in MeOH, and

subsequently reinjected through the same column under

isocratic buffer conditions (absolute MeOH). Fractions

were collected at intervals corresponding to visible peaks

(at 254 nm) on the chromatograph, and both peaks and

inter-peak intervals were assayed as outlined above.

Biological distribution of the metamorphic inducer

We examined specific tissues of adult Haminaea cal-

lidegenita for inductive activity. Tissues investigated were

parapodial lobes, anterior and posterior mucous glands

of the female reproductive system, gametolytic sac, and

digestive gland. Tissue samples from three adults were

combined, then extracted with MeOH and assayed as

outlined above.

EMJ of four additional opisthobranch species was tested

for ability to induce metamorphosis in H. callidegenita

veligers. EMJ assayed for inductive potential came from

the following opisthobranchs: H. callidegenita: H. vesi-

citla. a sympatric congener that is morphologically and

ecologically similar: Melanochlamys diomedea. a cephal-

aspidean found in the same habitat; Alderia modesta, an

ascoglossan found in association with the zanthophyte
I 'aucheria sp. located in the high intertidal zone of the

same bays as //. callidegenita: and Onchidoris bilamellata,

a nudibranch found in rocky intertidal zones in associa-

tion with barnacles. We tested both pieces of EMJ as well

as a MeOH jelly extract for inductive potential on H.

callidegenita larvae. Egg masses of the first three species

were collected from False Bay and Onchidoris egg masses

were collected at Friday Harbor Laboratories, both on

San Juan Island. Washington State.

The metamorphic inducer found in //. callidegenita

EMJ was tested on five other species of mollusc: the four

opisthobranchs mentioned above (H. vesicula, Melano-

chlamys diomedea, Alderia modesta, Onchidoris bila-

mellata) and the oyster Crassostrea gigas. Planktotrophic

veligers of all five species were cultured as by Kempf and
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Willows (1977), except that antibiotics were not used and

larvae were supplied with a 1:1:1 mixture of Isochrysis

galhana, Pavlova litiheti. ;;nd Rhodomonas sp. as food.

Larvae were identified as metamorphically competent

when the propodium was well developed and the mantle

was retracted from the shell (Bickell. 1978). These larvae

were placed in 100-ml jars (n
= 10 larvae/jar) containing

fSW and one of the following substrates: EMJ (pieces of

jelly or a MeOH extract); a metamorphosis-inducing sub-

strate associated with that species; or 19 mmol K f
in fSW.

The latter two treatments were used to ensure that tested

veligers were metamorphically competent. Metamorpho-

sis-inducing substrates included diatoms and adult mucus

for//, vesicula (Gibson and Chia, 1989b), sand containing

nematodes for Melanochlamys (Gibson, pers. obs.), the

alga I'anc/iena for Alderia (Seeleman, 1933), the barnacle

Chthamalus dalli for Onchidoris (Chia and Koss, 1988),

and adult shell for Crassostrea (Crisp, 1967). All substrates

were freshly collected from the adult habitat of each spe-

cies. Competence was also determined using seawater

containing excess potassium (19 mmol K+
), which is

known to induce metamorphosis in several phyla of ma-

rine invertebrate (Yool el ai, 1986; Todd el ai, 1991).

Percent metamorphosis was determined after 48 h.

EMJ from masses containing embryos of different de-

velopmental stages was assayed for inductive activity to

test for effects of egg mass age. EMJ was separated and

pooled from five egg masses at each of the following stages:

gastrula; early veliger (showing cephalopedal rudiment);

mid-veliger (statocysts visible, growth of larval shell com-

plete); late veliger (eyes and heart well developed); and

posthatch (all hatching was completed). EMJ was assayed

as described above. Data were analyzed with a one-way
ANOVA using the Scheffe procedure for unplanned com-

parisons among treatments (Day and Quinn, 1989).

Results

Characterization and isolation of the metamorphic
inducerfrom egg mass jelly

Haminaea callidegenita larvae were induced to meta-

morphose within the embryonic capsule by egg mass jelly.

Embryos cultured in the presence of EMJ metamorphosed
within the embryonic capsule (X SE 52.68 4.49%

juveniles were released at hatching, /;
= 24 cultures) at

rates expected of intact egg masses (61.32 1.41% juve-

niles, //
= 288 egg masses). Most embryos cultured in

the absence of EMJ hatched as swimming veligers (2.12

1 .22% juveniles, n = 24 cultures of 1 5-20 larvae each).

In assays involving pieces of EMJ, jelly was in the culture

water but not necessarily in contact with developing em-

bryos, indicating that the inducer is a water-soluble com-

pound.

Inducer activity of EMJ was not destroyed by boiling

(49%> intracapsular metamorphosis was induced; Table I),

lyophilizing (56%), or acidifying (46%) the jelly. Rates of

intracapsular metamorphosis in these treatments were

similar to rates observed in larvae cultured with untreated

EMJ in the same experiment (67% intracapsular meta-

morphosis occurred; Table I). The metamorphic inducer

passed through ultranlters of both 5000 (46% metamor-

phosis) and 1000 molecular weight cutoff (36%; Table II),

indicating that the inducer is less than 1000 Da in mo-

lecular weight. Activity was somewhat lower in treatments

containing ultrafiltrate than in those with untreated EMJ
(71%), but activity appeared to have been lost during ex-

traction before filtration took place (the resuspended ex-

tract induced only 31% metamorphosis; Table II). Induc-

tive potential was also unaffected by the action of two

general proteases. EMJ treated with proteinase K induced

45% intracapsular metamorphosis, and 43% occurred in

response to untreated EMJ (in absence of proteinase; Ta-

ble III). Results were similar when EMJ was treated with

pronase XIV, with 53% metamorphosis occurring in re-

sponse to pronase-treated EMJ and 54% occurring in re-

sponse to untreated EMJ (Table III).

The only organic solvent to extract significant amounts

of inducer from EMJ was methanol (46% intracapsular

metamorphosis; Table IV). Some inducer was retained

by the EMJ, as evidenced by subsequent extraction of

inducer with distilled water and the small amount of ac-

tivity remaining in the EMJ after extraction (Table IV).

The MeOH extract showed peak absorbance at 254 and

a smaller peak at 303 nm, as well as a peak corresponding

to the absorbance maximum for pure MeOH at 205 nm.

Metamorphosis was not induced by potential residues left

after evaporation of any of the organic solvents used in

these extractions (Table IV). Spontaneous metamorphosis

(in seawater only, and in absence of known cue) occurred

in 2% of veligers tested, whereas 68% intracapsular meta-

Table I

Characteristics of the metamorphic inducer found in Haminaea

callidegenita egg mass jelly

Treatment Metamorphosis

Seawater
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Table II

Molecular weight estimates for the metamnrphic induccr /unml in

Hannnaea callidegenita egg mass jelly

Treatment Metamorphosis

Seawater

EMJ

Resuspended extract

<5000 Da Filtrate

<1000 Da Filtrate

6.95 3.27

71.34 + 1.85

31.02 5.87

46.53 7.97

36.45 6.12

Data are the mean ( standard error) percentage of intracapsular

metamorphosis that occurred in response to EMJ extract and extract

filtrates, as indicated. Data from two controls are also listed and include

rates of metamorphosis occurring in seawater and in response to untreated

EMJ. n = number of egg masses tested.

morphosis occurred in response to untreated EMJ (Ta-

ble IV).

The inducer was partitioned from an EMJ extract in

methanol with HPLC over a gradient from absolute

MeOH to absolute water. The inducer eluted at 9- 1 min

(at a buffer concentration of about 70% MeOH) and at

17-18 min (about 40%> MeOH) after injection (Fig. 1 A),

with some spreading of activity around the first active

peak. Fraction 9-10 induced slightly less intracapsular

metamorphosis (60%) than did EMJ (70%) or the crude

MeOH extract (93%). Fraction 17-18 induced metamor-

phosis at a much lower rate (32%; Fig. 1A). Rates of in-

tracapsular metamorphosis in cultures containing most

other HPLC fractions were similar to rates in embryos
cultured in seawater only. Fraction 9-10 was collected

and pooled over three runs, then re-eluted under the same

conditions to determine if the inducer would separate into

two fractions. Again, the inducer eluted at two intervals,

the first appearing 7-8 min after injection (59.19 3.04%

intracapsular metamorphosis) and the second at 15-

18 min (27.48 4.23%). This suggests that the inducer

either racemizes under polar conditions or degrades during

the elution procedure. Degradation of the inducer is less

likely because the crude extract retains high levels of ac-

tivity for at least several weeks (9C).
The combined active fractions (min 9-10, 17-18) were

re-eluted under isocratic buffer conditions (absolute

MeOH). This resulted in a single peak of inducer eluting

8 min after injection (peak E in Fig. IB), as well as the

partitioning of several contaminants. Peak E was accu-

mulated over several runs and the solvent was evaporated.

A very small amount of dry residue remained as a fine,

white powder that reacted strongly with vanillin, indicat-

ing the presence of steroids, phenols, or fatty acids as

functional groups: alternatively, the strength ofthe vanillin

reaction may indicate the presence of a residual contam-

inant, such as a polar lipid that may be derived from the

presence of eggs in the original egg mass extract. The in-

ducer residue also had a slight reaction with ninhydrin,

indicative of the presence of primary amines. To detect

possible contaminants, the pure fraction was re-eluted

with HPLC and each fraction scanned with a refractive-

index detector to reveal the presence of all compounds,

regardless of specific ultraviolet or visual absorbance. The

result was a single sharp peak, suggesting that this fraction

represents pure inducer, although the presence of a con-

taminant eluting precisely with the inducer can not be

eliminated.

Biological distribution

A metamorphic inducer was present in methanol ex-

tracts of several adult tissues, with most activity occurring

in extracts of the posterior mucous gland of the female

reproductive tract (61% intracapsular metamorphosis oc-

curred), digestive gland (49%), and parapodial lobes (56%-;

Fig. 2). All three extracts induced intracapsular meta-

morphosis at rates comparable to that induced by un-

treated EMJ (48%-). Less activity was evident in extracts

of the anterior mucous gland of the female reproductive

tract. Extracts of the gametolytic sac showed no activity

(Fig. 2).

EMJ produced by other opisthobranch species also in-

duced high rates of intracapsular metamorphosis in

Table III

The effects oftwo general proteases on the metamorphic inducer found in Haminaea callidegenita egg mass jelly

Proteinase K
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Table IV

Extraction ofthe metamorphic lound in Haminaea callidegenita egg mass jelly using sequential solvents of increasing polarity

A. EXTRACTS
Treatment
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100-1

Figure 1. Isolation of metamorphic indueer with high performance

liquid chromatography (HPLC). Data are the results of partitioning the

indueer from a crude methanol extract with a buffer gradient from ab-

solute methanol to absolute water (A) and partitioning the partially pu-

nned active fractions from A with an isocratic buffer system (absolute

methanol) (B). In both A and B, the chromatograph indicates absorbance

of each fraction aseluted from an RP-C18 column, detected at 254 nm,
and the histogram gives results of the bioassay used to test the inductive

potential of each fraction. In A, bioassay results are the percentage (mean
standard error) of Haminaea callidegenita veligers that underwent

intracapsular metamorphosis in response to seawater (SW), with untreated

indueer (EMJ), with a crude EMJ extract (all in hatched bars), as well

as with the indicated HPLC fractions (solid bars) pooled over 2-min

intervals throughout a 30-min elution period. Peaks of activity are cross-

referenced to the chromatograph. In B, results include the percentage of

intracapsular metamorphosis occurring in response to standard controls

(hatched bars) as well as in response to the fractions indicated in the

chromatograph (solid bars), n = number of egg masses assayed.

Isolation of the metamorphic indueer has been exten-

sively studied in two species of opisthobranch, but in both

cases the indueer has yet to be identified. Veligers of the

nudibranch Pht'stilla silwgae are induced to metamor-

phose by a water-borne compound that is released from

its prey, the hard coral Porites (Hadfield, 1977). This

compound is small (200-500 Da) and stable to temper-

ature and pH (Hadfield and Scheuer, 1985). The nudi-

branch Eitbranchus doriae also metamorphoses in re-

sponse to its prey species, the hydroid Kirchenpaiicria

Source of Metamorphic Indueer

Figure 2. Activity of adult tissue as a metamorphic indueer. Data

are the percentage of Haminaea callidegenita veligers that underwent

intracapsular metamorphosis (mean standard error) in response to

seawater (SW), untreated egg mass jelly (EMJ; both in hatched bars) as

well as to a methanol extract of the indicated adult tissues (solid bars).

n = number of egg masses assayed.

piiinata (Bahamondes-Rojas. 1988). In this case, the in-

dueer is water soluble and contains galactosidic residues.

Metamorphosis ofE. doriae is also induced by m-isomers

of various sugars (Bahamondes-Rojas and Dherbomez,

1990). The EMJ indueer that was active on Haminaea

100-,

Source of Egg Mass Jelly

Figure 3. Metamorphic inducing activity of egg mass jelly (EMJ)

produced by other opisthobranch species. Data are the percentage (mean

standard error) of Haminaea callidegenita veligers undergoing intra-

capsular metamorphosis in response to seawater (SW), to EMJ pieces

(solid bars), or to a methanol EMJ extract (hatched bars). Source ofEMJ
is indicated on the horizontal axis, n = number ofH callidegenita egg

masses assayed.
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suggesting that this compound or group of similar com-

pounds is intrinsic to the structure of these gelatinous egg

masses. As such, production of the inducer, unlike the

release of a more specific pheromone, would not require

an additional expenditure of energy by the adult. Response

of larvae to the inducer may be a consequence of opis-

thobranch veligers being sensitive to cues denoting a ju-

venile or adult food source. After hatching, juvenile H.

callidegenita often graze diatoms and detritus from the

surface of the egg mass and appear to ingest EMJ as well,

before moving to nearby Zostera or Chaetomorpha (Gib-

son, pers. obs.)

Despite the fact that the inducing compound is not

uniquely derived in //. callidegenita, its effects as a meta-

morphic inducer are restricted to this species. Competent

veligers of five other molluscan species did not meta-

morphose in response to the metamorphic inducer in EMJ
in a partially purified condition. This is not surprising for

stenophagous species (in this study, Oncludoris and Al-

deria have restricted trophic requirements) as these larvae

would be expected to metamorphose only on a highly

specific substrate (Seeleman, 1933; Chia and Koss. 1988).

H. vesicula coexists with H. callidegenita and adults of

both species appear to have similar trophic requirements,

but their larvae metamorphose in response to cues asso-

ciated with more general characteristics of the habitat.

Lack of response by these veligers to EMJ may reflect a

higher probability of these long-lived veligers (4 weeks in

H. vesicula and 6 weeks in Melanochlamys; Gibson, pers.

obs.) contacting a more widespread cue than the less likely

encounter with an egg mass after hatching. It would be

interesting to test the EMJ inducer on opisthobranchs

known to prey on the egg masses of other species, such

as Olea hanseensis (Strathmann, 1987), which is also sea-

sonally found in Padilla Bay (Gibson, pers. obs.).

The primary ecological effect of the presence of a meta-

morphic inducer in the egg mass is poecilogonous devel-

opment: that is, by promoting intracapsular metamor-

phosis, this inducer allows for the release of both swim-

ming veligers and crawl-away juveniles from each egg

mass. Therefore, each parent produces dispersive propa-

gules while simultaneously providing immediate recruits

to the parental population. The second major factor

shaping this developmental mode is variable intra-clutch

time of competence, spanning both the hatching and

posthatching larval periods (Gibson, 1993). The role of

EMJ as an inductive substrate probably arose through a

combination of two conditions: the nonspecific distri-

bution of the chemical inducer (the inducer or a similar

compound is found in adult tissue as well as in the egg

masses of other opisthobranchs), and its role as a juvenile

food source (possibly as a substrate from which to graze

diatoms and detritus). To our knowledge, this is the first

described example of larvae metamorphosing in response

to a maternally derived egg mass, as well as the first de-

scription of an opisthobranch metamorphosing in re-

sponse to conspecifics.
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Abstract. The simultaneously hermaphroditic zooids of

Membranipora membranacea colonies spawn primary
oocytes and spermatozeugmata (aggregates of 32 or 64

spermatozoa) into ambient seawater. Eggs are released

through the intertentacular organ (ITO) whereas sper-

matozeugmata are spawned through the tips of the two
distomedial tentacles. Fertilized eggs undergo plankto-

trophic development to form long-lived cyphonautes lar-

vae. Examination of ovarian, coelomic. and spawned oo-

cytes for sperm nuclei, using either Bisbenzimide H33342
or aceto-orcein staining, revealed that a single sperm fuses

with primary oocytes during or shortly after ovulation.

In M. membranacea, egg activation does not immediately
follow sperm-egg fusion, but occurs after oocytes are

spawned through the ITO. The period between sperm-
egg fusion and egg activation may last up to four days.
Once zygotes begin to develop, they follow an Ascaris-

type of fertilization pattern (Wilson, 1925). Internal

sperm-egg fusion does not preclude cross-fertilization in

M. membranacea, because spawned spermatozeugmata
enter maternal coeloms through ITOs after being drawn
into lophophores. The ITO actively regulates the entrance

of spermatozeugmata and the release of oocytes by the

closure of the distal pore. The ITO does not act as a filter

to prevent self-fertilization, so that the paternal colony

may also function as the maternal colony. Self-fertilization

may be reduced in M. membranacea via increasing sperm
dispersal away from the paternal colony, which is accom-

plished by the bending of the distomedial tentacles such

that they release spermatozeugmata into the exhalent

feeding current of the colony.
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Introduction

In 1966, Silen reported that external cross-fertilization

occurred in two gymnolaemate bryozoan species. Electro

posidoniae and E. cntstitlenta. This report contradicted

the 100-year-old belief that internal self-fertilization is

obligatory in this group of hermaphroditic invertebrates

(Huxley, 1856; Prouho, 1892; Calvet, 1900; Pace, 1906;

Bonnevie, 1907; Marcus, 1938, 1941; Silen, 1944;Correa,
1948; Mawatari, 1952). The two species that Silen (1966)
examined have planktotrophic larvae and spawn primary
oocytes through a secondary reproductive structure called

an intertentacular organ (ITO). The ITO. which is present
in several gymnolaemate genera (e.g.. Alcyonidium, Co-

nopeitm. Electro, Fare/la, and Membranipora), forms at

the base of the two distomedial tentacles and provides a

conduit for oocytes from the maternal visceral coelom to

the external seawater. For E. posidoniae, Silen reported
that spawned sperm caught by lophophores of neighboring
colonies became attached to the abfrontal sides of the

tentacles. According to Silen, sperm detached from the

tentacles and swarmed around oocytes emerging from the

ITO. For E. cnistulenta, Silen was unable to follow sperm,
however he reported finding sperm inside the ITO. Silen

concluded that fertilization in E. posidoniae and E. crus-

tnlcnta is external to the maternal coelom, occurring while

oocytes are in either the ITO or seawater. However, Silen

did not actually observe sperm-egg fusion in either species
of Electra.

Silen (1966) proposed that external cross-fertilization

may be a general phenomenon among gymnolaemate
bryozoans and not restricted to species that possess an

ITO. This proposal appears to be supported by two facts.

First, spawning of sperm is widespread among bryozoan

species. Silen (1966, 1972) and Bullivant (1967) described

sperm spawning in 13 gymnolaemate genera. In some

143
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genera, such as Schizoporella, sperm are spawned through

the tips of all the tentacles, whereas in other genera, such

as Electra and Membram.". >ni, sperm or tightly organized

aggregates of 32 or 64 sperm (Fig. 1 ) called spermato-

zeugmata (Bonne\ ^07; Franzen, 1956; Zimmer and

Woollacott, 1974). are released through only the two dis-

tomedial tentacles. Both Silen (1966, 1972 (and Bullivant

(1967) suggested that in these species, spawned sperm may

externally cross-fertilize eggs as they emerge from the ITO

or as they are transferred to an external site for brooding.

The second fact supporting Silen's proposal is that egg

activation (e.g.. elevation of a fertilization envelope),

which closely follows sperm-egg fusion in most animal

species (e.g.. Longo, 1987; Epel, 1990), does not seem to

occur in gymnolaemate oocytes until after they are

spawned (e.g.. Prouho. 1892; Calvet. 1900: Silen, 1966;

Reed, 1988, 1991).

To date no study has directly evaluated the proposal

that gymnolaemate bryozoans use external cross-fertiliza-

tion. The lack of such an evaluation is due to the fact that

the fertilization process has never been completely de-

scribed for any gymnolaemate species. I report here that

the site of sperm-egg fusion in the planktotrophic species

Membranipora memhranacea is within the maternal coe-

lom, whereas the site of egg activation is in the external

seawater. In M. memhranacea. sperm-egg fusion and egg

activation may be temporally separated by as many as

four days. Although sperm-egg fusion occurs inside the

maternal zooid, cross-fertilization is still possible because

spawned spermatozeugmata gain access to the maternal

visceral coelom via the ITO.

Materials and Methods

Observations oj gamete spawning ami egg activation

Observations of gamete spawning and spermato-

zeugmata transfer were made using one-zooid-row

preparations. To make these preparations, sexually re-

productive Membranipora memhranacea colonies

growing on Iridaea cordata were collected from the

surface waters at or near the Friday Harbor Laborato-

ries, University of Washington, San Juan Island, Wash-

ington. Colonies encrusting this substrate had two ad-

vantages over colui es growing on brown macroalgae,

such as Nereocystis luetkcuna. First, M. memhranacea

population densities on / cordata were low; conse-

quently, colonies several centimeters in diameter were

frequently found. Such large colonies often have areas

in which the zooids form long, unbranching, and par-

allel rows. By cutting down alternating rows with a scal-

pel blade, portions of colonies were made into strips,

one-zooid wide and several zooids long. Although

zooids on either side of this row were destroyed, the

zooids within the EOW continued to feed and spawn ga-

metes. The second advantage in using 7. cordata is that

after this alga is cut. it secretes a minimal amount of

mucus as compared to the brown macroalgae. After

cutting the colony into strips, one-zooid rows were

rinsed several times with seawater to remove debris and

placed in small plastic petri dishes filled with unnltered

seawater. These petri dishes were kept in an incubator

maintained at 15C.
One-zooid rows were placed on their sides in petri

dishes. A Zeiss RA 16 Research microscope fitted with a

phototube and a Panasonic WV-BL204 black and white

television camera was used to observe and record gamete

spawning and spermatozeugmata transfer. Images were

recorded using a Panasonic VMS video recorder. Selected

images were transferred to 35-mm format by photograph-

ing frozen frames from a television monitor onto Plus-X

panchromatic film.

Two sets of measurements were made using one-zooid-

row preparations to determine the length of time for oo-

cytes to be spawned and undergo egg activation. Video

images were used to measure the lengths of time for oo-

cytes to pass from the visceral coelom, through the ITO,

and into the ambient seawater. For the second set of mea-

surements, a Wild M5 dissecting microscope was used to

follow oocytes produced by individuals in one-zooid-row

preparations from the time they completed their entry

into the ITO until they initiated egg activation. Egg ac-

tivation was considered to begin when the fertilization

envelope first started to elevate. Elapsed time was mea-

sured using a digital stop watch.

The ability of seawater to stimulate egg activation in

.17. memhranacea oocytes was investigated by removing

oocytes from maternal coeloms by dissection and rins-

ing them with seawater. Oocytes from several zooids

were pooled and then distributed into two groups. In

one group, oocytes were washed with three exchanges

of 0.2 /urn filtered seawater, while oocytes in the second

group were washed with three exchanges of filtered sea-

water containing 0.1 mM disodium ethylenediamine

tetraacetic acid (EDTA). The presence of 0.1 mM
EOTA enhances the percentage of spawned oocytes that

develop in the laboratory (Reed. 1987). Oocytes were

used from adjacent sister zooids of the same colony for

each trial. The number of oocytes that underwent egg

activation and the number of activated oocytes that de-

veloped to a swimming gastrula stage were determined

for each group.

Observations offertilization

The events of fertilization were determined from the

study of whole mount preparations of ovarian, coelomic,

and recently spawned oocytes. Some colonies were fixed

before ovaries and coelomic oocytes were removed from



FERTILIZATION IN MEMBRAMTOR \ 145

Figure 1. Differential interference contrast image of a partially disassociated spetmatozeugma. The arrow

indicates the head regions of spermatozoa that have remained joined. The tail region of the spermatozeugma

has remained intact. Scale bar = 12 jim.

Figure 2. Video image of spermatozeugmata (arrow) and a primary oocyte (O) positioned between the

pharynx (PH) and body wall of an extended polypide. The intertentacular organ (ITO) consists of a proximal

and distal chamber. Scale bar = 50 /itn.

Figure 3. A video image of three extended polypides protruding above the surface of a colony. All three

lophophores possess an ITO (arrow heads). A spermatozeugma (arrow) is being spawned through one of the

distomedial tentacles of the central lophophore. This tentacle is bent in an abfrontal direction so that the

spermatozeugma is released into the exhalent flow of the feeding current passing beneath the canopy of

tentacles. Scale bar = 360 ^m.

Figure 4. Video images of spermatozeugmata being spawned tail ends first through the tips of the two

distomedial tentacles, (a) The tightly bound tail portions of spermatozeugmata (arrow heads) are emerging

from the tips of both tentacles. Arrow shows motion of tentacles bending in an abfrontal direction, (b) A

spermatozeugma. which has been almost completely discharged, is bent downward at the flexible region

(arrow) in the midpiece. The arrow head indicates the portion of the spermatozeugma that is still within the

lumen of the tentacle pushing the spermatozeugma out. Scale bars = 150 ^m.
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Figure 5. Video images of a spermatozeugma entering the ITO. (a) Two spermatozeugmata (arrows)

within the lophophore are oriented so that their heads ends are positioned near the distal opening of the

ITO (arrow head). The upper spermatozeugma has its head end inside of the ITO. (b) Thirty-five seconds

later this spermatozeugma has been partially drawn into the ITO. The tail end of the spermatozeugma
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zooids by dissection to prevent the occurrence of fertil-

ization or activation events during these manipulations.

Spawned oocytes were obtained by placing colonies in

custard dishes containing LO^m filtered seawater with

0. 1 mA/ EDTA. Sexually active colonies transferred from

12-14C to room temperature usually spawned oocytes

within an hour.

Two stains were used in this study to visualize the

nuclei within ovarian, coelomic, and spawned oocytes

in order to ( 1 ) determine the stage and location of oocytes

at sperm-egg fusion and (2) describe nuclear events dur-

ing egg maturation, pronuclear migration, and syngamy.
The DNA-specific fluorochrome bisbenzimide H33342
was used at 10 ng/m\ by diluting a 100 ng/m\ stock in

475 mA/ sodium chloride and 25 mA/ potassium chloride

1:10 with 0.2 /urn filtered seawater. Two different staining

protocols were followed. Ovaries and oocytes were either

( 1 ) fixed for 20 min in 4% formaldehyde buffered with

seawater, rinsed thoroughly with 0.2 nm filtered seawa-

ter, stained for 5 min with bisbenzimide H33342 ( 10 /ig/

ml), and rinsed three times with 0.2 ^m filtered seawater;

or (2) stained for 10-30 min with bisbenzimide H33342

( 10 /ug/ml) and rinsed three times with 0.2 jum filtered

seawater. Preparations stained with bisbenzimide were

mounted for microscopy in 0.2 /urn filtered seawater on

glass slides with coverslips supported at their corners by

plasticene clay "feet." Nuclei stained with bisbenzimide

H33342 were visualized using a Zeiss epifluorescent mi-

croscope equipped with a 360 nm excitation filter,

395 nm dichroic filter, and 420 nm barrier filter. During

prolonged observations, two 50% neutral density filters

were placed in the light path to prevent photobleaching
of the bisbenzimide fluorescence. Photomicrographs
were taken with an Olympus OM-2S camera using 400

ASA Ektachrome slide film.

The second stain used was aceto-orcein. Materials were

either ( 1 ) fixed for 30 min with 3: 1 methanol-acetic acid,

stained for 30 min with a 45% solution of aceto-orcein

(Humanson, 1979), and rinsed in 20% acetic acid; or (2)

fixed for 20 min in 4% formaldehyde buffered with 0.2 M
phosphate, rinsed thoroughly with Millonig's phosphate

buffer rinse (0.2 M phosphate, 0.15 M NaCl), fixed with

3:1 methanol-acetic acid for 60 min. stained with aceto-

orcein for 60 min, and cleared in 30% acetic acid. Aceto-

orcein stained preparations were mounted as described

above, except that glycerol was used as a mounting me-

dium. These preparations were preserved permanently by

ringing the coverslip with nail polish. Materials stained

with aceto-orcein were viewed using bright field micros-

copy, with a green filter (550 nm) inserted into the light

path to enhance contrast. To further enhance contrast,

differential interference contrast (DIG) microscopy was

used in some instances. Photomicrographs were taken

with an Olympus OM-2S camera using Panatomic-X film

(ASA 32).

Results

Spawning and interiooidal transfer

ofspermato:eugmata

Mernbranipora membranacea zooids spawn sperma-

tozeugmata through the two distomedial tentacles tail ends

first into the exhalent feeding current of the colony. Prior

to spawning, spermatozeugmata move freely within the

visceral coelom (Fig. 2). Frequently, spermatozeugmata
become situated between the body wall and the disto-

medial side of the pharynx, near the pore that connects

the visceral and lophophoral coeloms. However, only

those spermatozeugmata oriented with their tail ends to-

ward the pore enter the lophophoral coelom of the dis-

tomedial tentacles. As spermatozeugmata move through

the tentacles toward the terminal pores, the distomedial

tentacles bend in an abfrontal direction (Figs. 3, 4). Con-

sequently, spermatozeugmata emerge from the terminal

pores of the tentacles tail ends first into the exhalant feed-

ing current generated by the colony. Spermatozeugmata

appear to be pushed through the tentacle lumen by an

undulating movement of the midpiece region (Fig. 4b).

Spermatozeugmata in the water column become en-

trained in the feeding currents generated by M. mem-
branacea colonies. Once drawn into lophophores, strong

undulating movements of midpieces begin after sper-

matozeugmata contact the tentacles. These movements

appear to allow some spermatozeugmata to remain within

the lophophore long enough to find the distal opening to

the ITO. For a spermatozeugma to enter an ITO it must

be situated within the lophophore so that its head end

emerges between the two distomedial tentacles and in

close proximity to the distal pore of the ITO (Fig. 5a). If

the head end of a spermatozeugma successfully enters the

Figure 5. ( Continued) (arrow) is curved away from the lophophore because ofthe feeding current generated

by the tentacles, (c) After 120 seconds, only the posterior portion of the spermatozeugma tail end (arrow)

remains outside of the ITO. Scale bars = 100 ^m.

Figure 6. Video image of two extended lophophores with attached spermatozeugmata (arrows) but

lacking ITOs. One tentacle (arrow head) of the central lophophore is bent in a frontal direction, a movement

often used in food capture. Scale bar = 100 ^m.

Figure 7. Video image of an ITO (ITO) with a closed distal pore preventing the entrance of spermato-

zeugmata (arrows). Scale bar = 100 ^m.
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Figure 8. Aceto-orcein stained primary oocytes, containing onl\ an oocyte nucleus as a germinal vesicle,

within the growth (GR) and germinal (GE) zones of the ovary. Scale bar = 100 ^m.

Figure 9. Single spermatozoa (arrows) present on the surface of follicle cells of an ovary stained with

bisbenzimide H33342. Scale bar = 20 Mm.
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distal pore of the ITO, the undulating movement of the

spermatozeugma stops and it is drawn into the ITO (Fig.

5b, c). Spermatozeugmata are drawn completely into ITOs

within 2-3 min of first entering the distal pore. Although
some of the spermatozeugmata that are drawn into lo-

phophores are eaten, most are rejected as food particles.

In several instances, spermatozeugmata became ensnared

in the tentacles (Fig. 6). These ensnared spermatozeug-
mata were never observed to enter an ITO.

The ITO regulates the passage of spermatozeugmata
from the external seawater into the ITO. Spermatozeug-
mata may be prevented from entering an ITO by the clo-

sure of the pore located in the distal end of the organ (Fig.

7). However, it is important to note that the ITO does

not discriminate between spermatozeugmata produced by

genetically identical zooids of the same colony and sper-

matozeugmata produced by zooids of other colonies. That

is, when dishes contain zooids from only one colony, ITOs

still permit spawned spermatozeugmata to enter maternal

coeloms.

The location ofsperm-eggjusion

A comparison of nuclei present in M. membranacea

ovarian, coelomic, and recently spawned oocytes indicates

that sperm fuse with primary oocytes during or shortly

after ovulation. All ovarian oocytes contain only an oocyte

nucleus, as either a germinal vesicle (Fig. 8) or a set of 1 2

chromosomes aligned on the first metaphase plate of

meiosis, even though spermatozoa are found on the ovar-

ian surface (Fig. 9). In contrast to those in the ovary, coe-

lomic and recently spawned oocytes possess a second nu-

cleus in addition to the oocyte chromosomes aligned on

the first meiotic metaphase plate (Figs. 10, 11). This ad-

ditional nucleus, whose chromatin is organized as chro-

mosomes (Fig. 1 1), is a partially modified sperm nucleus

as confirmed by observations of meiotic divisions and

pronuclear migration (see below). Although the sperm
nucleus is usually located close to the oolemma, it main-

tains no specific position with respect to the oocyte nu-

cleus.

The percentage of M. membranacea oocytes that are

fertilized is very high. For example, 98% of the 396 coe-

lomic and spawned oocytes examined during this study

contained a sperm nucleus. In eight instances, background

staining may have prevented the observation of a sperm
nucleus. On the other hand, the occurrence of polyspermy
is low. Only one spawned oocyte possessed more than

one sperm nucleus. This polyspermic oocyte contained

at least 14 sperm nuclei. Even though the shape of these

sperm nuclei was spherical, their chromatin was not al-

ways organized as chromosomes (Fig. 12).

Oocyte spawning and egg activation

The ITO mediates the release of oocytes into the am-
bient seawater (Fig. 13a-e). Oocytes are transferred from

the visceral coelom into the ITO via the supraneural pore

(Fig. 13a). This transfer takes an average of 42 10 (SD)

s (/;
=

32). During this transfer, oocytes are deformed as

they pass through the supraneural pore (Fig. 13b). After

being transferred into the ITO, oocytes are propelled to-

ward the distal pore. Oocytes are usually retained within

the ITO by the closure of the distal pore (Fig. 13b, c, d).

The distal pore may close either before or after an oocyte
enters the ITO. Oocytes spend an average of 44 16 SD
s (n = 32) in the ITO with the distal pore closed. Following
the opening of the distal pore, it takes an average of 1 7

8 SD s (n = 32) for an oocyte to emerge from the ITO

(Fig. 1 3e). Thus, the total time for an oocyte to pass from

the maternal coelom into the external seawater is 104

23 SD s (n =
32), with an average of 61 20 SD s (n

= 32) spent within the ITO itself.

At the light microscope level, the two most dramatic

morphological modifications of the oocyte during egg ac-

tivation are a change in cell shape, from discoidal to

spherical, and the elevation of a fertilization envelope (Fig.

14). These changes begin only after oocytes are spawned
into seawater. The average time for oocytes to begin ele-

vating a fertilization envelope after emerging from the

ITO is 180 68 SD s (n =
16). This is true even when

oocytes are retained within an ITO for very long periods

of time. For example, in one case, the distal sphincter

muscle of an ITO remained closed, apparently to prevent

the entrance of a spermatozeugma. By this action, two

oocytes were restrained from leaving the ITO for more

than 4 min, and during this time the oocytes did not

change shape, elevate a fertilization envelope, or form

polar bodies.

Oocytes are not stimulated to undergo egg activation

when thev are removed from the maternal coelom and

Figure 10. A coelomic oocyte in polar view stained with aceto-orcein, containing the chromosomes of

the sperm nucleus (SN) and oocyle nucleus (ON). Scale bar = 25 Mm.

Figure 11. A recently spawned oocyte without a fertilization envelope stained with aceto-orcein. The

sperm nucleus (SN) is slightly out of focus. The oocyle nucleus (ON) is a set of chromosomes aligned on

the first meiotic metaphase plate. Scale bar = 25 pm. Inset: Chromosomes of the sperm nucleus inside of a

recently spawned oocyte.

Figure 12. Four of the fourteen partially modified sperm nuclei (arrows) from a polyspermic spawned

oocyte. Scale bar = 20 ^m.
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13a 13b

13c 13d

13e

Figure 13. Video images of oocyte spawning in Membranipora membranacea. In (a) an oocyte (O) is

almost completely discharged from the ITO and the distal pore (arrow) is opened widely. A second oocyle

(black arrow head) is about to enter the ITO through the supraneural pore (white arrow head). To the right

of the pharynx several other oocytes, which appear as opaque disks, are in line to be spawned (elapsed time

=
0). In (b). the distal pore (arrow) of the ITO has closed, while the next oocyte to be spawned is moving
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washed with filtered seawater. Only three (6.5%) of the

46 coelomic oocytes so treated formed a fertilization en-

velope, and none of these three activated oocytes devel-

oped. In contrast, 45 (98%) of the 46 oocytes dissected

from maternal coeloms and rinsed with filtered seawater

containing 0. 1 mAI EDTA underwent egg activation and

developed to a swimming gastrula stage.

Egg maturation

The meiotic divisions of the oocyte nucleus begin fol-

lowing the elevation of the fertilization envelope and

change in cell shape (Fig. 15). The plane of the meiotic

metaphase plate of primary oocytes is parallel to the an-

imal-vegetal axis (Fig. 10). Before the first meiotic division

occurs, the meiotic spindle rotates 90 to position a cen-

triole at the animal pole of the zygote. The maturation

divisions in M. membranacea produce two polar bodies,

the first of which does not divide again. Because egg mat-

uration occurs after the elevation of the fertilization en-

velope, both polar bodies remain within the perivitelline

space (Fig. 16).

Pronudearformation and male pronuclear migration

Following the completion of the meiotic divisions, the

chromatin of the female and male pronuclei begins to

decondense (Fig. 16) and the male pronucleus starts to

migrate toward the female pronucleus. The distance a

male pronucleus traverses differs in each zygote, because

the entry point of sperm is highly variable. It is not un-

common for a male pronucleus to migrate across the en-

tire diameter ofthe spherical zygote (about 60 ^m). During

the migration period, the chromatin of both pronuclei

continues to decondense, as indicated by the increasingly

diffuse bisbenzimide staining (Fig. 17). After remaining

in a highly decondensed state for approximately 20 min,

the chromatin of the pronuclei begins to recondense. As

this occurs, chromosomes become visible within each of

the pronuclei (Fig. 18). By the end of the recondensation

period, the pronuclei are ellipsoidal and the bisbenzimide

fluorescence is intense (Fig. 19). When the migration of

the male pronucleus is completed, the two pronuclei are

adjacent to one another, but do not fuse to form a single

zygote nucleus.

Svngamy and cleavage

Chromosomes from each pronucleus become aligned

on the first mitotic metaphase plate independently of one

another. Initially, chromosomes become apparent within

each pronucleus. For the three zygotes in which these

events were observed, it appears that the chromosomes

of the female pronucleus begin to align on the metaphase

plate slightly before those of the male pronucleus (Fig.

20). By the end of this phase of fertilization, the chro-

mosomes from both pronuclei are aligned on the same

mitotic metaphase plate in preparation for the first cleav-

age. At temperatures between 12 and 20C, the first

cleavage of zygotes occurs from 60 to 90 min after

spawning.

Discussion

Since Silen (1966) first described the release of sperm

by bryozoan zooids two questions have remained unan-

swered: ( 1 ) can spawned sperm enter maternal zooids and

(2) are there aspects of sperm and egg spawning that in-

fluence whether zygotes are produced by self-fertilization

or cross-fertilization? In Membranipora membranacea,

spawned sperm may enter maternal zooids to fuse with

oocytes within the visceral coelom. Spawned M. mem-
branacea spermatozeugmata are captured by lophophores

of feeding zooids in a manner that is similar to that de-

scribed for Electra posidoniae (Silen, 1966). However,

subsequent events may differ between the two species. In

E. posidoniae. Silen (1966) reported that sperm, adhering

to the abfrontal sides of tentacles, detached to swarm

around oocytes emerging from the ITO. In M. membran-

acea, some spermatozeugmata become ensnared in the

tentacles, but these spermatozeugmata do not detach from

the tentacles in response to oocytes being spawned. In-

stead, spermatozeugmata drawn into M. membranacea

lophophores swim vigorously trying to maintain a position

within the lophophore in order to contact and enter ITOs.

Silen (1966) reported the presence of sperm within the

ITO of E. cnistnlenta. but did not observe how they en-

tered the ITO. Spermatozeugmata of M. membranacea

come into contact with ITOs through what appears to be

a random search process, and may not be due to che-

motaxis. The role ofa sperm chemoattractant in directing

Figure 13. (Continued) from the visceral coelom through the supraneural pore (arrow head) into the

proximal chamber (P) of the ITO. D denotes the distal chamber of the ITO (elapsed time = 42 s). In (c) the

oocyte (O) that is inside the ITO is moving toward the distal pore which is closed (elapsed time = 65 s). In

(d) the oocyte (O) is positioned just beneath the distal pore (arrow) of the ITO which remains closed. The

closure of the distal pore prevented the release of the oocyte for 25 s after it reached this position (elapsed

time = 95 s). In (e) the oocyte (O) is released from the ITO through the pore of the distal chamber (elapsed

time = 124 s). Scale bars = 75 Mm.

Figure 14. Differential interference contrast image of a spawned oocyte (O) that has an elevated fertilization

envelope (arrow heads) and has become spherical. Scale bar = 60 ^m.
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Figures 15-20. Pronuclear formation and male pronucleus migration in Memhriinipura mcmhranacea

zygotes stained with bisbenzimide H33342.

Figure 15. A zygote at first meiotic anaphase shown in side view. The first polar body nucleus (FBI ) is

located at the animal pole. SN, sperm nucleus; ON, secondary oocyte nucleus. Scale bar = 25 ^m.
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spermatozeugmata to the ITO seems unlikely because

water flow over the ITO is away from the lophophore.

Nevertheless, a sperm chemoattractant may be important

in directing the movement of spermatozeugmata after

initial physical contact with the ITO and in directing

sperm to oocytes after ovulation as in other metazoans

(Miller, 1985). However, the presence of such chemoat-

tractants in bryozoans is yet to be ascertained.

The release and capture of spermatozeugmata by M.

membmnacea zooids promotes cross-fertilization, but still

allows self-fertilization to occur. The ITO in M. mem-
hranacea does not act as a filter to separate spermato-

zeugmata produced by genetically identical members of

the same colony from those produced by zooids of other

colonies. Consequently, both types of sperm cells may
enter maternal coeloms to fuse with oocytes. Because M.

membranacea is not self-sterile (Temkin, 1991), the po-

tential for self-fertilization would increase if sperm did

not disperse from paternal/maternal colonies. Silen (1966)

suggested that releasing sperm through the tentacle tips

would position sperm outside of the paternal zooid's

feeding current. But, Silen did not take into account that

releasing sperm in this manner might deliver sperm di-

rectly into the feeding currents or lophophores of neigh-

boring sister zooids. M. membranacea may achieve greater

sperm dispersal by bending the distomedial tentacles in

an abfrontal direction to release spermatozeugmata into

the exhaient flow of the colony's feeding current. In M.

memhranacea, the exhaient current flows out of chimneys

or at the edge of colonies (Banta et ai, 1974: Lidgard,

198 1 ). decreasing the chances that spermatozeugmata will

be retained by the colony that produced them. In fact,

electrophoretic studies of protein polymorphism in M
membranacea by Thorpe and Beardmore ( 198 1 ) indicate

that the allele frequencies of the few polymorphic loci

that they observed were not significantly different from

Hardy-Weinburg expections. Still, it is important to re-

member that M. membranacea spawns spermatozeug-

mata, aggregates of 32 or 64 sperm cells, and even a single

spermatozeugma that enters a maternal zooid may have

a significant effect on paternity, through either self-fertil-

ization or cross-fertilization.

In M. memhranacea. sperm-egg fusion is temporally

separated from egg activation by the time between ovu-

lation and spawning, a period that Hageman (1983) de-

termined may last as long as four days. In most metazoans,

sperm-egg interaction and membrane fusion almost im-

mediately stimulate egg activation, a series of biochemical,

physiological, and morphological changes in the egg cell

that reinitiate the cell cycle and prevent polyspermy (e.g.,

Longo. 1987;Epel. 1990). How egg activation is regulated

in M. membranacea remains to be determined. The fact

that egg activation does not begin until after oocytes are

released into the ambient seawater indicates that some

aspect of the spawning process allows egg activation to

occur. However, it is not contact with seawater that ini-

tiates egg activation, because oocytes dissected from ma-

ternal coeloms and washed with seawater remain unac-

tivated. Coelomic oocytes do have the potential to undergo

egg activation as exposing them to 0.1 mM EDTA does

permit egg activation and normal embryonic development

to occur. The mechanism by which EDTA permits the

initiation of egg activation in M. membranacea oocytes

is unclear, and it is not known if EDTA affects oocytes

in the same way as the natural stimulus. The low con-

centration of EDTA used in this study would not be ex-

pected to alter levels of Ca++ and Mg
++

in seawater, which

are in excess of 10 mM. The addition of 0.1 mM EDTA
to seawater lowers the pH by 0.4 units (7.6 to 7.2), but a

comparable decrease in pH alone does not cause M.

membranacea coelomic oocytes to undergo egg activation

(Temkin. unpub.). Two aspects of the spawning process

that may affect egg activation are physical stress and ex-

posure to ITO secretions. Oocytes become highly de-

formed as they pass through the supraneral pore, and this

physical stress may initiate egg activation. Alternatively,

the proximal chamber of the ITO is glandular (Hageman,

1981) and may secrete a factor that stimulates egg acti-

vation. The ITO actively retains M. membranacea oocytes

for about 1 min. During this time, secretions of the ITO

Figure 16. A zygote shown in side view with the first (FBI ) and second (PB2) polar bodies above the

female pronucleus (FP) at the animal pole. The chromatin is beginning to decondense in both the female

and male (MP) pronuclei. Scale bar = 25 nm.

Figure 17. A zygote viewed from the animal pole, in which the male pronucleus (MP) has migrated

toward the female pronucleus (FP). The first polar body is positioned directly above the female pronucleus

and thus cannot be seen in this picture. Second polar body nucleus. PB2. Scale bar = 25 urn.

Figure 18. A zygote shown in side view with the female pronucleus (FP) located near the animal pole.

The chromosomes of the male (MP) and female pronuclei are apparent as the chromatin of each recondenses.

Scale bar = 25 ^m.

Figure 19. A zygote shown in polar view in which the male pronucleus (MP) is adjacent to the female

pronucleus (FP). The arrows indicate the separation between the two pronuclei. The polar bodies (PBs)

which are also fluorescing are out of focus. Scale bar = 25 ^m.

Figure 20. In this zygote. the chromosomes of the female pronucleus (arrows) have become aligned on

the first mitotic metaphase plate before those of the male pronucleus (MP). Scale bar = 10 ^m.
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may remove inhibitors from the surface of oocytes either

chemically (e.g., chelate) or enzymatically. Another pos-

sibility is that an ITO secretion may trigger egg activation

through a receptor-ligand interaction. Further studies are

required to determine if ( 1 ) sperm-egg interaction triggers

egg activation, but some inhibitor prevents oocytes from

responding to the stimulus until they are spawned or (2)

some aspect of the spawning process replaces sperm-egg

interaction as the inducer of egg activation.

A pattern of internal sperm-egg fusion and external egg

activation may benefit M. membranacea zooids in two

ways. First, internal sperm-egg fusion allows M. mem-
branacea to fertilize nearly 100% of its eggs. This is

achieved by maternal zooids capturing spawned sper-

matozeugmata and concentrating sperm and eggs within

the maternal coelom instead of gamete interaction oc-

curring in the water column where dilution factors may
severely limit fertilization success (Pennington. 1985;

Levitan, 1989; Levitan ct a/.. 1992). Second, the delay

between sperm-egg fusion and egg activation allows the

passage of pliable oocytes through a much smaller supra-

neural pore. In almost all species for which egg spawning
has been observed, including M. membranacea, the pas-

sage through the supraneural pore requires oocytes to de-

form (for a review see Reed, 199 1 ). The deformation may
be extreme in species that brood their embryos and pro-

duce very large eggs. In these species, oocytes appear

"thread-like" as they stream through the supraneural pore

into brood chambers (e.g.. Silen, 1945; Reed, 1991). It is

difficult to believe that once embryos begin to develop
and form a hardened fertilization envelope they could

undergo such a deformation. It is true that gymnolaemate

bryozoan larvae are muscular and are capable of squeezing

out of aperatures with slightly smaller diameters than

themselves during their release, nevertheless, larvae cannot

undergo the dramatic deformation that eggs do during

spawning. If intracoelomic egg activation occurred in

gymnolaemate bryozoans, it would seem likely that the

maternal body wall would need to be ruptured for larvae

to be released. Thus, the deformation of pliable oocytes

during spawning may play an integral role in preserving
the integrity of the maternal body wall and permitting, at

the same time u .nation of a large egg.

One consequence of extracoelomic egg activation in

M. membranacea is the prevention of internal brooding.
This raises important questions concerning the evolution

of brooding patterns in gymnolaemate bryozoans. The

majority ofgymnolaemate bryozoans brood their embryos
at one of four external sites: ( 1 ) attached to the external

body wall, (2) in the tentacle sheath or vestibule, (3) in

embryo sacs, or(4)inovicells(Hyman, 1959; Strom, 1977;

Reed, 1991). Brooding gymnolaemate bryozoan species

are believed to have evolved from those that freely spawn
their eggs into the ambient seawater such as M. mcm-

branacea (Jagersten, 1972;Zimmerand Woollacott, 1977;

Strathmann, 1978). It may be that as gymnolaemate spe-

cies with a lecithotropic larva arose they were constrained

from brooding internally by the requirement to spawn

oocytes before egg activation could occur. Reports of in-

traovarian sperm-egg fusion for several species of brooding

gymnolaemates (Marcus, 1938, 1941;Correa, 1948; Ma-

watari, 1952; and Dyrynda and King, 1983) suggest that

internal sperm-egg fusion may be typical for gymnolae-
mate bryozoans. However, a complete evaluation of this

proposal requires further study of sperm-egg fusion and

egg activation in more brooding and non-brooding species.

In summary, this investigation provides the most com-

plete description of the fertilization process for any gym-
nolaemate bryozoan to date. Except for the temporal sep-

aration between sperm-egg fusion and egg activation, M.

membranacea has an .4sa/m-type fertilization process.

The Ascaris-type fertilization process is characterized by

(1) overlap of late oogenic and early fertilization events

and (2) syngamy at the onset of the first mitotic division

of the zygote, without the fusion of male and female pro-

nuclei to form a zygote nucleus (Wilson, 1925; Longo,

1987). The Ascaris-lype fertilization process is typical of

species in which sperm fuse with primary or secondary

oocytes. In AI. membranacea. primary oocytes arrested

at first meiotic metaphase fuse with a single sperm cell

during or shortly after ovulation, but do not undergo egg

activation until they are spawned into the ambient sea-

water. Nevertheless, internal sperm-egg fusion in At.

membranacea does not preclude the possibility for cross-

fertilization because spawned spermatozeugmata may
enter the maternal coelom through the ITO.
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Locomotion in Developing Artemia Larvae:

Mechanical Analysis of Antennal Propulsors
Based on Large-Scale Physical Models
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Abstract. A physical model of the swimming appendage

(second antenna) of a larval Anemia was oscillated and

translated through a tank of glycerine to determine how
such a shape may be used to generate thrust at the inter-

mediate Reynolds numbers at which it operates. Force

on the model was measured by strain gauges and used to

calculate coefficients of drag at a series of speeds and fre-

quencies that represented flow regimes of different larval

stages. Measured coefficients of drag (Cd ) over this Reyn-
olds number range (~1-10) suggest that an expression

for a cylinder perpendicular to flow at intermediate

Reynolds number (Cd =1 + 10 Re~ 2/3
) best represents

the changes in drag coefficients for this geometry.

Unsteady forces were found to be a negligible portion

of the force on the model in spite of a high ratio of fre-

quency of oscillation to forward translational velocity (i.e.,

Strouhal number).

Comparison of the thrust generated by the model with

its fan of setae rigidly fixed versus passively flexing suggests

that passive extension of setae can be influenced by relative

limb and body speed.

Introduction

Animals th. ini span an enormous range of sizes.

This range is so ^i
< the hydrodynamics that governs

propulsion ofthe vv,> slow swimmers and the large,

fast swimmers are quiu < iierent. Small swimmers con-

tend only with the viscosity of the fluid around them:

flows are reversible, and shape does not greatly affect the

pattern of flow. By contrast, large, fast swimmers use the

inertial properties of fluids for propulsion: bodies are

Received 4 June 1993; accepted 19 July 1994.
* Present address: Department of Anatomy, University of Vienna,

Wahnngerstrasse 13, A- 1090 Wien, Austria.

streamlined to reduce pressure drag, and propulsion is

often achieved by accelerations of the surrounding fluid.

We understand the principles that determine these ex-

treme cases because theoretical fluid dynamics provides

solutions to the Navier-Stokes equations for these ex-

tremes: at the low end, inertial effects of the fluid are ne-

glected; at the high end, viscous effects are neglected. But

many organisms exist between these two extremes, and

the flows they experience are a result of both fluid viscosity

and fluid inertia. Planktonic animals are a good example
of a whole category of organisms that inhabit this fluid

regime. They include not only adults but also the larval

stages of many animals.

Larvae are particularly interesting because, unlike

their adult counterparts, they undergo changes in size

and shape. This means that early in its life cycle an

animal can be moving in a fluid regime dominated by

viscosity and then, as it grows and develops, can ex-

perience flows that result from an increase in the im-

portance of inertial effects. The brine shrimp, Artemia,

provides such an example. Larvae swim actively from

hatching until maturity. They are about 0.5 mm long

when they hatch and swim at an average speed of 2 mm/s
using only one pair of limbs. These limbs, the antennae,

dominate propulsion during the first half of larval life

and are gradually succeeded by a series of limbs that

develop sequentially on the trunk. During part of the

larval development of Artemia, the antennae increase

in length from 0.25 mm to 0.50 mm, and the frequency

of limb beat drops from 9.5 Hz to 8.0 Hz. Reynolds
numbers of the limb based on limb length range from

1 to 9, and Strouhal numbers based on average body

velocity drop from 8 to 3 (Table I). The antennae are

used in a paddling mode of propulsion throughout this

period of growth and change of form.

156
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Table 1

Parameters used to model limb heal in selected lan-al stages, and forces measured on model limb
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Re =
(3)

where p
= fluid density, f = some characteristic linear

dimension of the object, in this case the length of the

limb. U a
=

average speed, and ^ =
viscosity of the fluid.

For objects of the same geometry, equality of Reynolds
number implies equality ofthe pattern of flow and equality

of drag coefficients. My physical model can preserve these

two features of an Anemia antenna, assuming that it rep-

resents the important features of antennal geometry.

However, the limbs oscillate. The Strouhal number (
=

reduced frequency parameter) is another dimensionless

index that characterizes the flow. Conservation of this pa-

rameter implies conservation of the relative importance
of fluid acceleration to steady flows. Strouhal number (St)

is denned as

St =
(4)

where co is the angular frequency of the limb. ( is the

length of the limb, and U b is the average velocity of the

body.

I chose speeds and frequencies to drive the large-scale

physical model of Anemia antenna that would approxi-

mate the combination of Re and St of the beating antenna

at four selected larval stages. These are based on high-

speed cine-photography and therefore do not account for

stage-specific variation in larvae (see companion paper
for discussion; Williams. 1994).

Measurement ojforce coefficients

Simple translation of the physical model (see below)

yielded only a very limited range of speeds for direct mea-

surements of drag coefficients. To evaluate the drag coef-

ficients over a broader, more biologically relevant range,

I calculated an average drag coefficient for the different

trial runs (in which the model both translated and oscil-

lated, see Fluidforces and dynamic modeling, above). The

higher velocities resulting from the combined speed of

translation and speed of oscillation yielded a broader range
of Reynolds numbers. I compare the coefficient of drag
calculated this way to two. different expressions for the

coefficient of drag (Cd ) of a cylinder perpendicular to flow:

either

Cd
= 24/Re (5)

which expresses the low Reynolds number linear depen-
dence offeree on speed (Batchelor, 1967), or

Cd
=

(6)

which allows for the growth of pressure drag at interme-

diate Reynolds number situations, 1 < Re < 1 X 10
5

(White, 1974).

I also evaluated which expression for Cd better predicts

the actual thrust produced by the model by comparing

thrust predicted on the basis of either expression with

measured thrust. I used the expression for standard de-

viation (Sokal and Rohlf, 1981), a, as a measure of fit

between the measured and predicted curves:

cr= [l/n2(tc -tm )

2
] (7)

where n is the number of points, tc is the calculated thrust,

and tm is the measured thrust. See Williams (1994) for

the details of calculating thrust.

The physical model and driving apparatus

A physical model of a limb that could be propelled

within a tank of glycerin mimicked certain features of the

active Anemia antennae. For the geometry of the model

limb (i.e.. limb shape and setal spacing), I used direct

tracings from film sequences of free-swimming animals

(Williams, 1994). The model was constructed with casting

resin. Thin brass cylinders formed a fixed fan that flexibly

attached to the distal edge of the model (Fig. 1). This

allowed the fan to flex during the recovery stroke; a raised

lip in the cast itself anchored the fan in an extended po-

sition during the power stroke. Alternatively, the fan could

be anchored in place so that it remained extended in both

power and recovery strokes. This allowed comparison be-

tween a symmetrical and a passively asymmetrical stroke.

7 cm

Figure 1. Cast resin model ofAnemia larval antenna. Setal fan built

of fine brass and tungsten wire.



DRAG ON A MODEL OF AN ARTEMIA LIMB 159

steel shjm



345
time (sec)

C
0.2

0.1

0.0

-0.1

-0.2

-0.3

0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 2.1

time (sec)

D

o
o

0.2

0.1

0.0

-0.1

-0.2

-0.3

-04
0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9

time (sec)

Figure 4. Comparison of thrust generated by the model (dotted lines) with thrust calculated on the basis

ofthe same frequency and speed using eqn. 6 (solid lines). Each graph represents a single stroke of the model,

although the force is averaged over all strokes during the 100 runs (and total stroke number depends on the

frequency and speed). Arrows mark onset of recovery stroke. A-D correspond to the four successive larval

stages the model mimics (see Table 1).

Figure 6 compares the symmetrical stroke of the model

(where the fan of thin brass rods is unable to tlex during

the recovery stroke) with the asymmetrical stroke of the

same frequency and speed (where the fan is free to flex

during the recovery stroke and then opens passively during

the course of the power stroke). Simulations with higher

Strouhal numbers show similar patterns of thrust during

the stroke. However, as the Strouhal numbers drop, the

maximum thrust generated during the stroke is shifted

later in the cycle, reflecting the later extension of the fan.

This occurs because the model must overcome a relatively

greater translational speed before it generates thrust. The

result is a decrease in the relative thrust per cycle produced

by the limb (as reflected by the difference between the

areas under the two curves during the power stroke).

Discussion

Artcmia larvae grow through a range of sizes and speeds

that entail changes in the forces that determine their mo-

tions in the fluid. A physical model of the early larval

propulsors, the antennae, shows that under the hydro-

dynamic regime experienced by the animals, these limbs

generate force roughly as a cylinder at intermediate

Reynolds numbers flows (eqn. 6). This empirically derived

result is in agreement with a theoretical model of pro-

pulsion by copepod thoracic limbs which uses this equa-

tion to model copepod swimming by sequential move-

ment of five pairs of appendages (Morris et ai. 1985).

In spite of the high frequency of the limb beat, unsteady

forces are a negligible part of thrust production. Although

unsteady forces are not always calculated as a source of
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Figure 5. Comparison of thrust generated by the model (dotted lines) with thrust calculated only on the

basis of the angular position of the model (solid lines). Each graph represents a single stroke of the model,

although the force is averaged over all strokes during the 100 runs (and total stroke number depends on the

frequency and speed). Arrows mark onset of recovery stroke. A-D correspond to the four successive larval

stages the model mimics (see Table I). In C and D there is an offset due to greater translational speeds.

thrust on oscillator.' propulsors (e.g., Nachtigall, 1974),

Blake (1985) has shown that they may produce as much
as one-third of the thrust on the limbs of water boatmen,

Cenocorixa hifida. The Reynolds number of these animals

is about two orders of magnitude higher than those ex-

perienced by Anemia larvae modeled here (600 vs. 1-9),

so it is not surprising that unsteady forces are correspond-

ingly greater.

Although the model does not capture all of the details

of the animal's limb kinematics, it does provide some

generalizations about oscillating propulsion. In an over-

view of swimming in crustaceans. Hessler ( 1985) hypoth-

esizes that setal structures on diverse swimming limbs may
extend passively. Such passive extension is the case for

the feeding setae of a filter-feeding shrimp (Fryer, 1977).

This passive behavior may be possible only in some hy-

drodynamic regimes. At the intermediate Reynolds num-

bers modeled here, comparison of the thrust generated by
the model at low and high Strouhal numbers suggests that

an animal could use passively extending setae only if the

speed of limb oscillation is high relative to the forward

speed of the body otherwise a passively extending system

provides little thrust for propulsion. However, real setae

are not accurately modeled by a metal wire fan. Typically,

setal diameter varies from base to tip. and setal mor-

phology is asymmetrical in the direction of power and

recovery strokes. My results suggest that the influence of

both setal material and morphology on passive behavior

would be worth investigating, as these could influence the

time-course of thrust production in real animals.

The kinematics of the model and the kinematics of an

Anemia antenna differ in a significant way. Artemia an-



162 T. A. WILLIAMS

A
0.03 r

2 3

time (sec)

c
0.2

0.1

z 0.0

4)

o
O -0.1

-0.2

-0.3
0.1 0.4 0.7 1.0 1.3 1.6 1.9 2.2

time (sec)

D

-0.3
0.10 0.35 0.60 0.85 1.1C 1.35 1.60 1.85

time (sec)

Figure 6. Thrust generated by the model when the stroke is symmetrical (dotted lines) compared with

thrust generated when the stroke is asymmetrical (solid lines). Graphs represent a single stroke of the model,

although the force is averaged over many strokes. Arrows mark onset of recovery stroke. A-D correspond

to the four successive larval stages the model mimics (see Table I). Note that in later stages (C. D), the thrust

generated during the power stroke is much smaller with an asymmetrical stroke than a symmetrical one.

tennae are linked to a freely moving body whose trajectory

through the water changes as the animal develops: early

stages swim in a highly pulsatile fashion; later stages do

not (Williams, 1994). Therefore, unlike the model, the

oscillation of the appendage is not simply coupled to a

constant velocity, and the distribution of velocity along
the length of the limb changes accordingly as the animal

develops (Williams, 1994). Thus, the model does not pro-

vide direct information about the actual time-course of

thrust production by an Anemia antenna during the stroke

cycle. However, the force coefficient determined for the

model does provide an empirical basis for determining

drag produced by the antennal geometry moving in a fluid

regime where both inertial and viscous effects determine

flows. I use this empirically based force coefficient in a

purely theoretical model in which I link thrust produced

by a pair of appendages to resistive forces on the body
and examine the mode of swimming that results (Wil-

liams. 1994).

Acknowledgments

I gratefully acknowledge grants from Sigma Xi, the Lerner-

Grey fund for Marine Science, NSF grant DCB-87 1 1 654

to Tom Daniel. NSF grant BSR-8700523 to Alan Kohn.

Tom Daniel, Joel Kingsolver. Alan Kohn, Garry Odell,

and Dick Strathmann criticized this paper at various

stages.

Literature Cited

Batchelor, G. K. 1967. An Introduction l<> Fluid Mechanics. Cambridge

University Press. London. 615 pp.



DRAG ON A MODEL OF AN ARTEMIA LIMB 163

Blake, R. \V. 1986. Hydrodynamics ofswimming in the water boatman,

Cenocorixa bifida. Can J Zoo/. 64: 1606-1613.

Daniel, T. L. 198-4. Unsteady aspects of aquatic locomotion. Am. Zoo/.

24: 121-134.

Fryer, G. 1977. Studies on the functional morphology and ecology of the

aytid prawns of Dominica. Phil. Trans R Soc. Land. B 279: 57-129.

Hessler, R. R. 1985. Swimming in Crustacea. Trans Roy Soc. Edin.

76: 115-122.

Morris, M. J., G. Gust, and J. J. Tores. 1985. Propulsion efficiency

and cost of transport for copepods: a hydromechanical model of

crustacean swimming. Mar Biol 86: 283-295.

Nachtigall, \V. 1974. Locomotion, mechanics, and hydrodynamics of

swimming in aquatic insects. Pp. 381-432 in Physiology oj Insecla.

\ HI. 3, M. Rockstein. ed. Academic Press, New York.

Sokal, R. R.,and F. J. Rohlf. 1981. Biometry, the Principles and Practice

of Statistics in Biological Research. W. H. Freeman, San Francisco.

859 pp.

White, F. M. 1974. 1 'iscous Fluid Flow. McGraw-Hill, New York. 725

pp.

Williams, T. A. 1994. A model of rowing propulsion and the on-

togeny of locomotion in Anemia larvae. Biol. Bull 187: 164-

173.



Reference: Bio/ Bull 187: 164-173. (October, 1994)

A Model of Rowing Propulsion and the Ontogeny
of Locomotion in Artemia Larvae
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Abstract. Newly hatched Anemia larvae use one pair

oflimbs to locomote. During development they gradually

add additional limbs along the elongating trunk. As larvae

grow, body length increases from about 0.4 mm to 4 mm,
mean swimming speed increases from 1.8mms~' to

9.9 mm s~', and frequency of antennal beat decreases

from 9.5 to 6.7 Hz.

As new limbs are added, they become active in the

metachronal rhythm of pre-existing limbs.

The body velocity oscillates as early larvae swim; later

larvae swim without a cyclic acceleration and deceleration

of the body. The change in the pattern of swimming is

correlated with the addition of propulsors and a transition

in the relative importance of viscous and inertial effects

that determine the propulsion in subsequent stages.

Reynolds number (based on body length) increases from

2 to 37.

A theoretical analysis of rowing propulsion at these in-

termediate Reynolds numbers shows that initial devel-

opment of new limbs in Anemia larvae is unimportant
for propulsion.

Rowing propulsion at the low Reynolds numbers is

drag-based; as Reynolds number increases, inertial effects

become more important, and unsteady forces on the body
become significant in the balance between limb and body.
A glide of the body develops at the end of the powerstroke,
and relative limb velocity changes.

Introduction

Many animals span a broad range of sizes during the

course of their complete life cycles. Animals that are active

and motile during growth are subject to potentially large

Received 4 June 1993; accepted 19 July 1994.
* Present address: Department of Anatomy, University of Vienna,

Wahnngerstrasse 13, A- 1 090 Wien, Austria.

differences in the forces they experience during locomo-

tion. Most studies of locomotion have focused on adults

whose wings or fins are unlikely to undergo further

changes in size or shape (e.g., Wu et a!., 1974). Only rarely

have comparisons included successive ontogenetic stages

of a single species (e.g.. Katz and Gosline, 1992). I have

analyzed swimming during the larval period in the crus-

tacean Anemia. How does function develop in species

with active larval forms having different morphologies
and locomotory systems than the adults they will become?

For animals that swim, ontogenetic changes in size and

shape will influence the actual mechanisms by which they

propel themselves. Viscous effects predominate in the

swimming of very small organisms; inertial effects pre-

dominate in the swimming of very large organisms.

The developmental pattern of Anemia is unlike that

in the more familiar arthropods that exhibit radical

changes in body form from one molt to the next. These

small crustaceans change gradually as they grow; i.e.. they

are anamorphic developers. When they hatch, they swim

with one pair of limbs, the second antennae (hereafter

antennae). These limbs dominate propulsion during the

first half of larval life and are gradually succeeded by a

series oflimbs that develop sequentially on the trunk. In

contrast to an animal that radically changes its morphol-

ogy between one molt and the next, an Anemia larva

must coordinate new pairs oflimbs with pre-existing ones

(Fryer, 1983). The antennae and the trunk limbs are co-

ordinated in a metachronal rhythm, while growth and the

gradual acquisition of new limbs effectively reset the body

trajectory and the relative motions of the limbs and body
at each stage. How does locomotion change as an animal

proceeds through the size and shape changes ofontogeny?
To explore changes in the mechanics of swimming in

animals too small for direct measurement, I built a phys-

ical model ofthe limb to empirically determine force coef-

ficients acting in flow regimes relevant to developing Ar-

164
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1 mm

Figure 1. Selected stages to show the gradual development of Anemia larvae. (A) Nauplius. (B) Post-

nauplius with rudiments oflimbs developing on the trunk. (C) Larva with four active trunk limbs. (D) Larva

with eight active trunk limbs. (E) Animal with 1 1 active trunk limbs.

temia larvae (Williams, 1994). Here I develop a theoretical

model of swimming by antennal propulsion that incor-

porates those results. I predict the swimming movements

of a body propelled only with a single pair of limbs by

balancing the thrust produced by the limbs with forces

on the body that resist motion. Because the larvae use

only one pair oflimbs upon hatching. I can compare body

movements predicted by the model with actual move-

ments of the larvae and thus evaluate the accuracy of the

model. I then ignore the development of trunk limbs and

ask, How would swimming change if the initial propulsive

system were scaled up in exactly the same way the larvae

grow? How would the antennae alone drive the body at

later larval stages? Comparisons with actual later stage

larvae allow me to dissect increases in size from changes

in morphology. Does functional change correlate simply

with morphological change? e.g., how important are the

additional trunk limbs in generating thrust?

Past studies of locomotion have been based on the as-

sumption that thrust production by small rowing animals

is purely drag-based (Nachtigall. 1980; Zaret and Kerfoot.

1980). Although Anemia hatchlings swim at fairly low

Reynolds numbers, they grow through a size and speed

range that includes fluid regimes in which inertia becomes

important. Not only does drag scale differently at low and

high Reynolds numbers, but also, at high Reynolds num-

bers, momentum can be transferred simply by the accel-

erations and decelerations of fluids (Daniel, 1984). I in-

clude both of these possible scale effects such that the

model is free to reflect the different flow regimes that the

larvae experience.

Materials and Methods

Animals

Anemia larvae grew at room temperature (~ 2 1 C) in

an aerated brine solution of 35-40%o; the animals fed on

varying diets of yeast and green algae. The number of

molts was not crucial to my study, so I staged the larvae

as follows: ( 1 ) newly hatched larva (nauplius) the most

oblate form with no differentiation of the trunk region,

yolk still present; (2) larvae with visible limb buds dif-

ferentiation in the trunk region has led to visible protru-

sions of what will be limbs, and body is more elongate;

(3) a series of larval stages identified by the number of

actively beating trunk appendages present. This series of

stages terminated with forms that have attained the adult

complement of 1 1 pairs of trunk appendages and have

lost the larval form of the second antennae (Fig. 1 ).

Filming

I filmed the larvae with a Locam high-speed movie

camera running at 200 frames per second. The time be-

tween frames, 0.005 s.. was accurate to ~5% as measured

by the slippage of a timing marker made by the camera
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on the edge ofthe film. Either an Olympus BH microscope

with transmitted illumination or a Wild M5 dissecting

scope with fiber optic epi-illumination magnified the an-

imals for filming. 1 tried to minimize wall effects by de-

signing the filming chambers according to the formula.

y/f > 20/Re, to calculate y, the shortest distance to the

nearest wall (Vogel, 1981), where f is some characteristic

length. I chose body length. 1 used chambers: 22 X 22

X 5 mm and 22 X 22 X 8 mm. The animals tended to

swim in a plane parallel to the bottom of the chamber

and, therefore, to stay roughly in mid-chamber. However,

since the animals were free-swimming, the actual se-

quences captured on film and digitized came from various

locations within the chamber.

The obvious constraints of using high-speed cine-pho-

tography to film free-swimming animals prevented me

from gathering data on many individuals from each stage.

Results here are from measurements on individuals and

reflect the clearest and most complete sequences. The re-

sults are limited because I cannot include variation, either

individual or stage-specific, but they are supplemented by

hours of viewing time that confirm the developmental

trends I present. My description is supported by Barlow

and Sleigh (1980), who report limb beat frequencies of

8-10 Hz in early stages and 6-7 Hz in later stages, and

the same increase in both absolute and relative body

length. Larvae do show variation in limb length, etc., at

a given stage due in part to rearing conditions but this

variation should not materially change the gross devel-

opmental trends reported here.

1 digitized body motions from the films with a Bitpad

digitizer. I chose sequences in which the animal remained

in the plane of focus and digitized both the anterior- and

posterior-most point on the body. The variability in mea-

surements of body length ranged from a standard devia-

tion of 0.01 mm in the smallest animal, to 0.05 mm in

the largest. The distance between the two points provided

a measure of body length, and the displacement of a single

point in successive frames provided a measure of body

velocity.

1 quantified limb motions by digitizing the most prox-

imal and distal points along the limb plus an arbitrary

number of points along the edge of the limb. The collec-

tion of points from each frame defined a curve that could

subsequently be fit with a small number of segments to

calculate relative velocities along the limb. This procedure

precluded the problem of trying to follow ill-defined land-

marks on the limb from one frame to the next.

To quantify the asymmetry of stroke due to the curling

of the antennae and the collapse of setae during the re-

covery stroke, I measured the projected area, Sa , of the

limb perpendicular to the body axis at the 90 position

during the power stroke and the recovery stroke and com-

puted the ratio of the two areas.

Force balance for predicted body velocity

To predict the instantaneous motion of a body pro-

pelled by a single pair of limbs, I used a simple linear

momentum balance (e.g.. Daniel and Webb, 1987) for

the forces of the limbs and forces on the body.

I prescribe the variation of limb angle with respect to

the long axis of the body, or angular position, 6. based on

sinusoidal motion:

0(t)
= + (A/2)(l -cos(ujt)): (1)

where A is the amplitude of limb beat and w, the angular

frequency,
= 2;rf, (f

= frequency), and 6 is the starting

angle (Fig. 2).

Limb speed at the tip of the limb is given by a linear

combination of its angular frequency and the speed of

the body (U b ). I assume flows parallel to the limb con-

tribute negligibly to thrust. The normal component of

limb velocity, U a , is given by:

U a
= (- U b sin0); (2)

where f =
length of the antenna and Ua depends on

-(d0/dt) due to the convention ofchoosing forward body

velocity as the positive direction (i.e.. thrust acts in the

opposite direction).

I use this speed to calculate two types of forces that

might arise from limb motion: the drag force and the

unsteady, or added mass, force. I assume that the limb

moves symmetrically about the axis perpendicular to the

body and that only the component of flows parallel to the

long axis of the body contribute to generating thrust.

The drag force of the limb, Da , is proportional to the

velocity normal to the limb and is perpendicular to the

limb in direction:

Da
= 0.5pSa(U a )

2Cda ; (3)

where p is the density of the fluid, Sa is the projected

surface area of the limb, and Coa is the coefficient of drag

on the limb. The ratio of surface area on the power stroke

to recovery stroke is 3.3:1.

For both Cda and Cdb , the coefficient of drag on the

body, I use Cd
=

1 + 10Re~ :/
-\ I use this coefficient of

140

Figure 2. Forces on a pair of limbs are calculated on the basis of a

prescribed sinusoidal motion. These are balanced by forces acting on a

body to give instantaneous body velocity. Ub is body velocity, La is limb

length, and 8 is limb angle relative to the long axis of the body.
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Table I

Morphological and kinematic parameters of selected larval stages and comparison to model predictions

Measured values

NA: Comparison not made.
*
Metamorphosed into adult form.

Model predictions
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project laterally, the trunk limbs are flat, leaflike append-

ages that project ventrally from the body. These limbs

grow gradually, with the anterior-most appendages de-

veloping first. At any given time there is a series of trunk

limbs in progressive stages of maturity; the full develop-

ment of each limb requires several molts. The antennae

remain similar throughout larval development, although
their length relative to body length decreases (Table I).

How docs the hotly move at different stages^The average

swimming velocity increases during development from

roughly 2 mm s~' to 10 mm s~'. This increase in speed

coupled with the increase in body length leads to a change
in Reynolds number from 2 in the newly hatched larva

to almost 40 in the last larval stage (Table I). The time-

course of body motion changes even more strikingly. The

young nauplius ratchets through the water at high fre-

quency, each beat cycle yielding a discrete forward lurch

and backward slip of the body. There is no glide in the

nauplius: at the end of the power stroke, the body virtually

stops moving (Fig. 3A). The effect is a visibly jerky mode
of swimming due to the continuous oscillation of the body
back and forth in the water.

Later, as the more complicated rhythms of the devel-

oping metachrony of the trunk limbs arise, the axial body
movements, although still pulsatile, gradually become less

so. As the initial trunk limbs develop, the body develops
a glide past the end of the power stroke of the antennae.

This glide grows in duration as more limbs develop and

begin to beat (Fig. 3B). When four pairs of trunk ap-

pendages are beating, the larvae no longer experience any
backward motion. The role of the antennae is still quite

distinct: as in the earliest stages, the peak body velocity

is midway during the power stroke of the antennae (0.03

s; Fig. 3C), indicating that the power stroke still produces
the greatest thrust. With eight pairs of trunk limbs present,

the body still oscillates in the water, but multiple limbs

act simultaneously to propel the animal, so it is difficult

to relate the movement of the body to the action of any
single pair of limbs (Fig. 3D). After 1 1 pairs of trunk ap-

pendages are added, the larval form of the antenna is lost.

The movement of the body at this stage is more or less

smooth and nonoscillatory (Fig. 3E).

The movement ofthe limbs relative to surrounding fluid

changes. The stereotyped stroke of the antennae relative

to the body during larval development does not result in

a stereotyped pattern of movement relative to the sur-

rounding fluid. Figure 4 shows the velocity distribution

relative to still water along the length of the antennae for

two stages: a newly hatched larva and a larva with four

actively beating trunk limbs. For a newly hatched larva,

midway through the power stroke (first half of the graph.

Fig. 4A), the velocity near the distal end of the appendage
is actually lower than at the proximal end. This velocity

distribution along the limb makes it appear as though the

limb virtually pivots around a point near the distal part

of the limb. In later stages, the distal portion of the an-

tennae moves faster than the more proximal parts

(Fig. 4B).

Model predictions

Comparison of larval body trajectories and predicted

body trajectories. Although the model is based on thrust

production by a single pair of limbs, it predicts some of

the changes in body trajectory experienced by the mor-

phologically complex larvae. Figure 5 shows the measured

body velocity per limb beat cycle superimposed on body
velocities predicted by the mathematical model for an

animal similar to each stage in body and antennal lengths

and limb beat frequency (Table I). The predicted body
velocities mimic measured larval body velocities in certain

important respects:

1. The model predicts a negative body velocity during
the recovery stroke; this is large for early stages and de-

creases in later stages. The decrease in the degree of axial

oscillations in swimming (i.e., positive and negative body
velocities associated with the power and recovery strokes)

predicted by the model closely matches the movement of

a larva with no active trunk limbs (Figs. 5A, B) and even

that of a larva with four active trunk limbs (Fig. 5C). At

the stage where eight trunk limbs are continuously and

metachronally active, the animal swims more smoothly
than the model which is based on antennal rowing
alone predicts (Fig. 5D).

2. The negative velocity of the body, associated with

the recovery stroke of the antennae, is delayed in succes-

sive larval stages. The model predicts this delay: in small

animals the body slips backward with the onset of the

recovery stroke halfway through the limb beat cycle; in

larger animals a glide develops that carries the body for-

ward beyond the onset of the recovery stroke.

3. During early larval stages, the magnitude of body

velocity increases. The model also reproduces this trend

(Fig. 5A-C).

Balance offorces. Figures 6A-C represent the balance

of forces through the single cycle of limb motion that

produced the predicted swimming trajectories in Figures

5A, B, C. The most striking change during development
is the increase in the contribution of the unsteady forces

on the body. Initially, the Reynolds number is low, ~2
(Table I), and the interaction of limb and body viscous

drag forces largely determines the body velocity. In later

stages, unsteady effects come into play. Unsteady forces

on the body tend to resist changes in body velocity. At

the onset of the power stroke, they resist acceleration of

the body. These trends make the limb and body motions
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Figure 3. Body velocity ofAnemia larvae (relative to still fluid) at different stages in larval development.

Letters designate stages as indicated in Figure 1. Negative velocity represents backward movement of the
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of individual variation.
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Figure 4. Typical velocity distribution of three points, from proximal

to distal, along the antennae for a representative nauplius (A) and a larva

with four active trunk limhs (B). Proximal point, tilled circles; mid-point,

open circles; distal point, filled squares. Both graphs begin at the onset

of the power stroke and measure velocity relative to a fixed frame of

reference.

out of phase; peak limb velocity precedes body velocity

as thrust is required to overcome the unsteady forces on
the body (Fig. 7). At the end ofthe power stroke, however,

when the limb undergoes reversal, unsteady forces on the

body resist deceleration and tend to carry the body forward

even as the limb is generating negative thrust (Fig 6B).

These unsteady forces increase in simulations of later

stages, giving rise to an increased glide on the body

(Fig 6C).

How do the propulsive limhs operate differently as the

balance offerees changes? The change in the balance of

forces during growth gives rise, not only to differences in

body velocity during a cycle of limb beat, but also to dif-

ferences in the movement of the propulsive limbs. As

stated above, the growth of unsteady effects shifts the

phases of peak limb motion relative to peak body motion.

In addition, the velocity distribution along the limb, rel-

ative to still water, changes with the growth of unsteady

effects. When limb and body movements are in phase,

the distal part of the limb moves relatively little with re-

spect to distant surrounding fluid as it swings in the power
stroke (Fig. 7A). In contrast, with the shift in phase pre-

dicted for later stages, the limb sweeps a broad arc through

the water. This change mimics the one in relative antennal

velocity measured from high-speed films (Fig. 4A, B). To
index the change in relative antennal velocity, I calculated

the volume of space through which the distal one-third

of the limb moves. To allow comparison between different

stages, I normalized these volumes by dividing by the

length of the limb cubed. In simulations of later stages,

the limbs move through a proportionately greater volume

than in earlier stages (Table I).

Discussion

Anemia develop from a small, rotund nauplius that

ratchets along with one pair of oars to a multi-limbed

adult that glides continuously through the water. As the

animals approach the adult morphology by growing and

adding limbs along the trunk, their average swimming
speed increases and. more strikingly, the jerky swimming
of the hatchling is transformed into the smooth gliding

ofthe adult. The gradual change in swimming corresponds

to the gradual addition of trunk limbs. But. as indicated

by the increase in Reynolds number during development,

this change in swimming also corresponds with a change
in forces that determine movement. When Anemia hatch,

viscous forces have a large role in the flows around the

animal: abrupt reversals of the limb are manifest imme-

diately as abrupt changes in body motions. As larvae grow,

inertial effects become more important: the body is carried

beyond the immediate movement of the limbs. A theo-

retical analysis of rowing locomotion shows that early

changes in kinematics are purely a mechanical conse-

quence of scaling and not tightly linked to the complex

morphological changes the larvae undergo. The activity

and coordination of trunk limbs appear unimportant for

propulsion during early stages, even when four trunk limbs

are actively beating.

This result depends on the fact that as inertial forces

play an ever greater role in propulsion, unsteady forces

on the body begin to develop. Unsteady effects are pre-

dicted to provide thrust for animals with oscillating limbs

(Daniel, 1984). From kinematic analysis of successive

stages of larval herring. Batty ( 1984) postulated that the

change in undulatory swimming in later larval stages is

due to increasing importance of inertial effects. Blake

(1986) calculated that unsteady forces on the limbs of



A MODEL OF SWIMMING IN ARTEMIA LARVAE 171

A

20

10

-10
0.01 0.03 0.05 0.07 0.09

time (s)

B

in 20
E

^
10

T)
O

-10

>i^*r-r^

0.01 0.03 0.05 0.07 0.09

time (s)

C

TJ
O

0.01 0.03 0.05 0.07

time (s)

0.09 0.11

D 30 r

o
O
0)

20

10

-10
0.01 0.05 0.09

time (s)

0.1 3

Figure 5. Measured body trajectory ofAnemia larvae that are both growing and adding limbs, compared
with the predicted velocity of an animal with a single pair oflimbs but of the same dimensions and frequency

as the developing larvae (see Table I). The solid lines illustrate body motion through one cycle of antennal

motion for four different larval stages corresponding to A-D in Figure 3. The dotted lines represent body
motion predicted by the model. Negative velocity indicates backward movement of the body relative to the

fluid. Arrows mark onset of recovery stroke.

rowing water boatmen (Re = 800) could produce roughly

one-third of the thrust during the power stroke. As a result

of increases in larval size and speed, unsteady effects on

the body grow and cause the balance between limb and

body to shift. This shift results in a glide of the body at

the end of the power stroke and a higher relative velocity

at the tip of the limb. Unsteady forces calculated for the

limb are negligible, a result corroborated by force mea-

surements on a physical model of an antenna operating

at similar Reynolds numbers (Williams, 1994).

Mechanical analyses of animals that paddle have typ-

ically dealt only with the adult form and have assumed

forward, steady motion (e.g.. Blake, 1979; Nachtigall,

1980). Because it does not assume steady motion, but

instead couples limb and body motion, the model is free

to predict changes in the time course of swimming motion

on the basis of changes in hydrodynamic regime. Inter-

pretations of biologically relevant flows based on Reynolds
numbers calculated from time-averaged swimming speeds

may fail to recognize the potential importance of unsteady

effects in animals that use reciprocating limbs. In this

model, one system of oscillating limbs produces different

swimming behaviors even over a narrow range of Reyn-
olds numbers, 2-40.

The antennae that propel the hatchling remain present

and grow as the animal grows, and they continue to move
in a stereotyped manner. Because of their coupling to the

body, they have a different velocity profile along their

length as the force balance between limbs and body

changes during larval development. This is likely to have

consequences for the function of these limbs. Cheer and

Koehl (1987) have shown theoretically that structures such
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1981). Other species use the same appendage and the same

movements essentially as a filter. In spite of the stereotypic

form and movement of the antennae of Anemia larvae,

their movement relative to the surrounding fluid changes

during development. This change in relative limb velocity

agrees with a study by Barlow and Sleigh (1980). who

postulate that early stages may be unable to capture food

because of the relatively low fluid velocities at the distal

end of their antennae. A similar conclusion is reached by

Fryer (1983) for another anostracan, Branchianectaferox.
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Figure 6. Balance of forces through one cycle of the antennal motion

that gives rise to the body motions predicted in Figure 5A-C. By con-

vention, positive thrust is in the direction opposite to forward body mo-

tion. Solid line = body drag, dashed line = thrust of limb; dotted line =

unsteady force on the body. In C, the unsteady force on the body propels

the body beyond the onset of the recovery stroke. (The calculated unsteady

force on the limb was always 2 orders of magnitude lower than any other

force and is omitted from the graphs.) Arrows mark onset of recovery

stroke.

as setose limbs (i.e., cylinders bearing other cylinders),

will either allow fluid through the array or force it around,

depending on the importance of viscous drag. Some co-

pepods do not use a sweep net to feed, but individually

handle fluid parcels surrounding a food item (Koehl,
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Figure 7. Relative limb and body motions corresponding to Figure

6A-C. Solid lines = body velocity; dotted lines = limb velocity. Positive

velocity is in the direction of body motion.
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He excludes the possibility that the distal setal fan on the

larval antennae functions in feeding and postulates that

this function is performed by a spine in a more proximal

position on the limb. Levering or stepping through the

water generally occurs in larvae that use a single pair of

oars. This movement, which occurs in barnacle larvae

(pers. obs.), limits our using tethered animals to study

behaviors that depend on natural How situations (e.g.,

feeding: Moyse, 1984), even though such studies do isolate

and help clarify other aspects of movement.

In insects, the aerodynamic and thermodynamic ca-

pabilities as measured by physical models scale differently

with size: in small models, wings of a particular size func-

tion primarily in thermoregulation. In large models ofthe

same relative wing length, the function of the wings is

primarily aerodynamic (Kingsolver and Koehl. 1985).

That analysis showed that function could simply change

with size over the course of evolutionary time. This anal-

ysis of swimming in Anemia shows that changes in size,

shape, and environment experienced by single individuals

during larval development have consequences for the

propulsive mechanisms used in swimming.
Artemia larvae pass through a series of morphological

stages as they develop. Functional change may or may
not correspond directly to morphological change; e.g., I

claim that activity of initial trunk limbs is unimportant

in propulsion in Artemia larvae, although these limbs ob-

viously propel later stages. Initially, these limbs could

perform other roles not treated by this analysis, either

mechanical (e.g., stability), or nonmechanical. This model

provides a mechanical analysis of swimming on the basis

of the morphology of one larval stage in Artemia. A single

pair of oscillating limbs generates body velocities that

mimic the kinematic changes of an early period of de-

velopment. These results illustrate how, at a particular

stage in development, larval morphology engenders a

range of behaviors by its very design.
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Transmitter-Specific Subsets of Sensory Elements

in the Prosobranch Osphradium
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Abstract. The osphradium is a putative chemosensory

organ of aquatic molluscs. Previously, we identified two

distinct types of primary sensory neurons in the osphradial

ganglion of freshwater pulmonates, one immunoreac-

tive to leucine-enkephalin (LEnk-ir) and another to

FMRFamide (FMRFa-ir). In addition. NADPH diaph-

orase (NADPHd)-positive elements apparently producing

nitric oxide (NO) were demonstrated in the organ. In the

present study, prosobranch molluscs, which have retained

the osphradial sensory neurons within the epithelium,

were studied. Both types of peptidergic neurons, as well

as NADPHd-positive cells, were found within the epithe-

lium or in a basiepithelial position in the relatively simple

osphradium of the mesogastropod Littorina littorea and

in the complex, bipectinate osphradium of the neogastro-

pod Buccinum undatum. Similar evidence was also ob-

tained for another mesogastropod, Ampullarius sp.

Transmitter-specific sensory cell types like those discov-

ered in the osphradium are also present as single neuro-

epithelial cells in other organs of the mantle complex in

prosobranchs and in the pelecypod Anodonta cygnea. We
suggest that e\ olutionarily conservative, transmitter-spe-

cific types o! "iihelial and neuroepithelial sensory cells

predated the t Vim. which developed as the site of

their concentra, ; 'e retaining characteristic subsets

of sensory neui.

.in (ion

The osphradium is :n sensory organ char-

acteristic mainly of aqua t:.: forms. Evidence suggesting

Received 12 November 1993; accepled 19 July 1994.

Abbreviations: FMRFa-ir, FMRFamide-like immunoreactive; LEnk-

ir, leucine-enkephalin-like immunoreactive; MEnk-ir. methionine-en-

kephalm-like immunoreactive; NADPHd. NADPH diaphorase; NO, ni-

tric oxide.

its chemosensory function has been considered and sum-

marized (Sokolov et a/.. 1980; Croll. 1983; Haszprunar,

1985; Emery, 1992). The position and common structural

features shared by osphradia of various molluscs indicate

a homology of the organ across the phylum (Haszprunar

1985. 1987).

According to our previous findings in a freshwater pul-

monate, Lymnaea stagnalis. two distinct types of os-

phradial sensory neurons can be distinguished immuno-

cytochemically, one labeled with an antiserum against

FMRFamide (FMRFa-ir). and another immunoreactive

to an antiserum against leucine-enkephalin (LEnk-ir). Cell

bodies of these primary sensory neurons are situated

within the osphradial ganglion, and their distal processes

penetrate the sensory epithelium. Other, nonsensory neu-

rons within the ganglion contain neuroactive substances

that were demonstrated immunocytochemically, with

antisera against serotonin and methionine-enkephalin

(MEnk-ir), and histochemically, with a procedure for

NADPH diaphorase (NADPHd) (Elofsson et a/., 1993;

Nezlin et <//.. 1994).

Transmitter specificity is claimed to be a conservative

feature of homologous nerve cells (Sakharov, 1970). We
test this idea in a comparative study of immunocyto-

chemically identified sensory cells: we ask whether non-

pulmonate osphradia share common transmitter-specific

neuron phenotypes with those of pulmonates. In address-

ing this question, we chose prosobranch molluscs for two

reasons. First, unlike evolutionarily advanced pulmonates,

most of the prosobranchs retain their osphradial sensory

neurons in the supposed initial position within the sen-

sory epithelium of the organ (Haszprunar, 1985). Second,

prosobranch osphradia demonstrate a wide range ofcom-

plexity, ranging from a hardly noticeable structure in Lit-

torina littorea, to a large, gill-like organ the so-called

174
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Figure 1. Scanning electron micrographs of the osphradium in the

prosobranchs studied. A. Littorina littorca. A transverse section has been

made through the osphradium. Asterisk labels the ganglion, and the

arrow indicates the lateral ciliated zone of the ridge. B. Ampullarius sp.

C. Biimnum midaiiim. Scale bars: A = 100 Mm; B. C = 200 /im.

bipectinate osphradium in Biiccinum undatum. Our

comparative study also included the morphologically pe-

culiar organ of an ampullariid snail (Haszprunar, 1985)

and the mantle epithelia surrounding the prosobranch os-

phradium as well as that of a pelecypod, the freshwater

mussel Anodonta cygnea, which has a poorly developed

osphradium.

Materials and Methods

Specimens of the periwinkle Littorina littorea (Proso-

branchia, Mesogastropoda. Littorinoidea), 2-2.5 cm long,

and the whelk Biiccinum undatum (Prosobranchia, Neo-

gastropoda, Buccinoidea). 7-9 cm long, were collected in

the wild at the Kristineberg Marine Biological Station on

the west coast of Sweden, and maintained in aquaria for

about two weeks at about 10C. Specimens of the fresh-

water snail Ampullarius sp. (Prosobranchia, Mesogastro-

poda, Viviparoidea) and the pelecypod Anodonta cygnea

were from an aquarial culture. To dissect osphradia and

surrounding tissues, animals were anesthetized in an iso-

tonic solution of MgCU for 20 min and then extracted

from their shells.

Scanning electron microscopy

The osphradia were fixed in 2.5% glutaraldehyde

(TAAB) in 0.05 M Na-cacodylate buffer, pH 7.3 (23 mg/
ml NaCl were added for the marine species), for 2 h, and

washed in the same buffer for 2 h. To remove mucus from

the surface, the specimens were treated for 6 h with leech

hyaluronidase (Sigma), 50-100 units/ml, in the same

buffer. All steps were at room temperature. Finally, the

specimens were dehydrated in an ethanol series, dryed in

Balsers Union Critical Point Dryer, fixed to stubs, and

coated with about 14 nm of gold in a Bio-Rad Polaron

SEM Coating System. Observations and micrographs were

made with a JEOL JSM-T330 electron microscope.

Immunolabeling

The dissected osphradia were fixed for 2 h at 4C in

4% paraformaldehyde dissolved in 0.2 M (0. 1 M for Am-

pullarius) Na-phosphate buffer solution (PBS), pH 7.4,

washed overnight at 4C in PBS. immersed for 1 h at 4C
in 20% sucrose in the same buffer, embedded in Tissue

Tek (Miles), and frozen in liquid nitrogen. Serial sections

were cut at a thickness of 20 ^m with a Reichert-Jung

Frigocut E 2800 cryostat and placed on chrome-alum/

gelatin-coated glass slides. The slides were air-dried for

15 min, washed in PBS containing 0.25% Triton X-100

(TX), and treated at room temperature as follows:

1. Incubate for 30 min with 10% normal swine

serum, diluted in PBS-TX containing 0.2%

Bovine Serum Albumine (BSA, Sigma).

2. Wash in PBS-TX (3 X 20 min).

3. Incubate with primary antiserum, 1:1000, in

PBS-TX-BSA (6 h).

4. Wash in PBS-TX (3 X 20 min).

5. Incubate with swine anti-rabbit

immunoglobulins, 1:50, in PBS-TX-BSA (2 h).
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Figure 2. Transverse sections through the osphradium of Litlorina lillorea. (A) General view of an

unstained specimen, interference contrast. Asterisk, the osphradial ganglion; arrows, lateral ciliated epithelium

facing the groove; double arrow, the central epithelial zone. (B-D) FMRFa-ir elements, peroxidase labeling.

(B) Section similar to A. White asterisk, the osphradial ganglion; black asterisk, non-specincally labeled cells

in the epithelium; arrows, immunopositive epithelial cells; n, the osphradial nerve. (C) Central portion of

the osphradium with immunopositive epithelial cells and intensive labeling in the ganglion (white asterisk).

(D) Neuroepithelial cell in the central epithelial zone with two basal processes (arrows) and apical protrusions

.'arrowhead). Scale bars: A-C = 50 ^m; D = 10 /jm.

6. Wash in <3 X 20 min).

7. Incubate w xidase-anti-peroxidase

complex, 1 : , :i PBS-TX-BSA (2 h).

8. Wash in PBS-TX (3 ( 20 min).

9. Wash in 0.1 A/Tris-HCl buffer solution (TBS).

pH 7.4(2 X 15 min).

10. Incubate in 0.05% diaminobenzidine (DAB) in

TBS (20 min).

11. Incubate in DAB with 0.01% H 2O: in TBS

(20 min).

12. Wash in TBS (3 x 20 min).

13. Dehydrate in an etlianol series, and embed in

Permount (Fisher Scientific).

After stage 3, some slides were treated as follows:

4. Wash in PBS (3 X 20 min).

5. Incubate with fluorescein-(FITC)-labeled swine

anti-rabbit immunoglobulins, 1:50, in PBS-BSA

(2h).

6. Wash in PBS (3 X 20 min).

7. Embed in PBS-glycerol (1:1).
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The slides were examined with a Leitz-Aristoplan Uni-

versal microscope. Epifluorescence equipment (excitation

maximum 490 nm, emission barrier >515 nm) was used

for FITC-labeled specimens. Polyclonal antisera raised

against FMRFamide-. leucine-enkephalin-, and methio-

nine-enkephalin-conjugates were purchased from Incstar

(Stillwater, Minnesota). Controls included the omission

of primary antibody, or its replacement with normal rabbit

serum.

NADPH-diaphorase histochemistry

The osphradia were fixed in paraformaldehyde in PBS

and sectioned as above. The slides were washed (2

x 15 min ) in 0.05 M TBS (0.5 M for marine species), pH
8.0, at room temperature and treated according to a stan-

dard histochemical procedure. They were incubated in

the darkness for 1 h, at room temperature or at 37C. in

TBS containing 0.8 mg/ml 0-NADPH (Sigma), 0.4 mg/
ml Nitro Blue Tetrazolium (BDH), and 0.2% TX-100. In

the control solutions, /i-NADPH was replaced with a-

NADPH, Sigma, in the same concentration (Hope and

Vincent. 1989). Then the slides were rinsed in TBS fol-

lowed by distilled water, dehydrated through an ethanol

series, and embedded in Entellan (Merck).

Results

In all three prosobranch species examined, the osphra-

dium is situated in the mantle roof, at the base of the

siphon, which means that it is exposed to the inhalant

current of external water. Although the outer morphology
varies considerably (Fig. 1A-C), the internal structures

correspond to a great degree. The main constituents of

the osphradium are an elongated axial cord of the nervous

tissue, the osphradial ganglion, and a specialized epithe-

lium containing several types of neuroepithelial cells

(Crisp. 1973; Haszprunar, 1985). The organ also contains

connective tissue, muscle fibers, and hemocoel. The gan-

glion is connected with the CNS via one or more branches

of the supraintestinal nerve. In the epithelium, sensors'

(central), ciliated, and glandular zones can be recognized

(Hyman. 1967).

The control preparations could be used to identify the

background and unspecific staining of Littorina and Bnc-

cinum tissues by both immunocytochemical and histo-

chemical methods. Ampullaris. however, is a special case

(see below).

Littorina liltorea

The osphradium is a relatively simple structure running

alongside the left gill. Its form is that of a long ridge rising

from the bottom of a groove (Fig. 1 A. 2A, B). The central

zone of the epithelium is at the top of the ridge, above

the sausage-like osphradial ganglion. On each side of the

ridge is a band of thickened epithelium identified as the

ciliated zone (Crisp. 1973; Haszprunar, 1985) (Fig. 2A).

Glandular zones have not been clearly indicated by earlier

authors.

FMRFa-ir elements. Labeled cells were consistently

seen both in the osphradial epithelium and in the ganglion

(Fig. 2B). In the epithelium, they are represented by neu-

roepithelial cells (Fig. 2C) giving rise to a proximal neurite

(Fig. 2D). The cells appear differently in various parts of

the epithelium. In the central zone, they are oblong and

terminate with a few short protrusions resembling reduced

cilia (Fig. 2C, D). In the lateral ciliary zone, they are ex-

tremely thin and elongated (Fig. 2B, arrow). Proximal

neurites extending from epithelial FMRFa-ir cells of the

central zone could be traced into the basal plexus, which

is connected to the osphradial ganglion. Within the gan-

glion, these afferent projections and processes of intrinsic

FMRFa-ir neurons form a dense FMRFa-ir neuropile.

LEnk-ir elements. Neuroepithelial cells of this type

show two distinct sites of localization in the osphradial

epithelium. One is a narrow band of cells on top of the

ridge. Within the epithelium, these multipolar LEnk-ir

cells send fine processes in different directions (Fig. 3A).

The other site is a band along the lateral sides of the ridge

(Fig. 3B). In this case, the cell bodies are situated deep in

the epithelium close to the base of the ridge and send long

processes to the surface. Groups of similar basiepithelial

LEnk-ir cells are consistently present in the wall of the

groove and, more peripherally, in adjacent portions of the

mantle wall (Fig. 3C). Fibers from LEnk-ir neuroepithelial

cells concentrate mostly around and in the outer zone of

the osphradial ganglion. The intrinsic neuronal population

ofthe ganglion includes a small number of scattered LEnk-

ir neurons.

MEnk-ir elements. These are absent from the osphradial

epithelium. They appear as a fiber meshwork and, occa-

sionally, as cell bodies under the epithelium and in the

osphradial ganglion (Fig. 3D). In the mantle wall outside

the osphradium. MEnk-ir elements are sometimes well

developed, particularly in the connective tissue.

NADPHd-positive elements. The mantle epithelium on

each side of, and adjacent to, the osphradium is thicker

than that of the surrounding mantle wall and more closely

resembles the osphradial epithelium. In this area of the

mantle, a band of scattered cells stained with /3-NADPH

(Fig. 4A) lies close to the osphradium and just outside the

groove. The cells are elongated and sometimes possess a

thin distal process, but they are apparently devoid of a

proximal, basal neurite. NADPHd-positive epithelial cells

were otherwise absent from the mantle except for a narrow

region of the so-called "mantle ridge," the outer edge of
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Figure 3. Enkephalin immunoreactivity in transverse sections of the osphradium of Lillorina lillorea.

FITC-labeling. (A) LEnk-ir elements. Asterisk, the osphradial ganglion; arrowheads, the borders of the central

epithelium: arrows. immunopositi\e neuroepithelial cells with branched processes: double arrow.
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Figure 4. NADPHd-positive cells in the epithelium of the mantle

wall adjacent to the osphradium (A) and of the mantle ridge (B) of Lil-

lorina lillorea. In A. the osphradial groove starts just to the right of

stained cells. Asterisk in B indicates pigment granules in the epithelium.

Scale bars = 10 ^m.

Figure 5. Immunoreactivity in a transverse section of the osphradium

of Ampiillurimi sp., FITC-labeling. (A) FMRFa-ir cell body in the epi-

thelium of the central zone with a dense plexus beneath. (B) LEnk-ir

fibers in a horizontal section of the outer wall of the osphradial pockets

(asterisks). Arrowhead, the outer boarder of the epithelium. Scale bars

= 20 ^m.

the mantle (Fig. 4B). In control preparations no staining

was observed.

Ampullarius sp.

The osphradium of this mesogastropod is more com-

plicated than that of Littorina. It is essentially a large ob-

long fold elevated over the mantle wall. A long, sausage-

shaped ganglion is centrally located in the osphradium.

and a broad lamella of the nervous tissue runs dorsally

along the ganglion. Narrow pockets, perpendicular to the

ganglion and aligned with each other on both sides (Fig.

IB), form a lamellar appearance in horizontal sections

through the organ.

FMRFa-ir elements are abundant and have their cell

bodies in the epithelium. Most of the cells are situated in

the epithelium surrounding the ventral portion of the

pocket. A smaller fraction is present in the central zone

of the osphradial epithelium situated on the top of the

organ (Fig. 5A).

LEnk-ir elements appear as very fine fibers in the epi-

thelium of the outer ventral wall of the pockets (Fig. 5B).

The cell bodies have a basiepithelial position and are also

Figure 3. (Continued) cell body in the ganglion; curved arrow, lateral band of immunopositive cells in

the ciliated epithelium. (B) LEnk-ir elements. Curved arrows demonstrate two symmetrical lateral bands of

immunopositive cells. White asterisk, the osphradial ganglion; arrowheads, the borders of the central epi-

thelium. (C) LEnk-ir cells in the epithelium of the mantle wall adjacent to the osphradium. (D) MEnk-ir

elements. White asterisk, the osphradial ganglion; arrowheads, the borders of central epithelium. Scale bars:

A, B, D = 50 Mm;C = 10 ^m.
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Figure 6. Immunoreactivity in the osphradium of Bttcdnuni iimlalum. FITC-laheling. (A) FMRFa-ir

elements in a transverse section of the osphradial ganglion (asterisk) and the medial part of the lamella;

arrows, basiepithelial cells in the lamella. (B, C) LEnk-ir elements in a transverse section of the peripheral

part of osphradial lamellae. Arrows: in B indicates the cell body: in C. immunopositive processes. (D) MEnk-

ir elements in a transverse section of the peripheral part of the osphradial lamellae. Arrow shows a cell body.

Scale bars: A. C = 50 Mm; B, D = 20 urn.

placed a long distance away, probably close to the ventral

surface of the ganglion.

MEnk-ir elements represented only by nerve libers

concentrate in small islets in the connective tissue of the

organ.

NADPHd-positive elements are shown as an intensive

staining of the outer portion of the osphradial epithelium,

including the layer occupied by cilia. In addition, solitary

nerve cell bodies and fibers in the ganglion were stained.

With n-NADPH as a substrate, the entire osphradial

epithelium was diffusely stained.

Buccinum itndatum

Among Prosobranchia. neogastropods have the most

sophisticated osphradium. Due to pectination, it resem-

bles a gill. In the bipectinate osphradium of B. wulatum,

narrow folds called leaflets, or lamellae, extend laterally

from a central core in a very regular fashion (Fig. 1C).

Each lamella receives a branching nerve from the central,

sausage-like ganglion. The whole structure is raised well

above the epithelium of the mantle.

Figure 1C clearly shows the osphradial lamellae: they

are narrow where they join the ganglion-containing central
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.'

B

Figure 7. NADPHd-positive cells in the ciliated zone of the lamella

(A) and in the mantle wall adjacent to the osphradium (B) ofBuccimim

undalum. Arrows indicate specific staining in apical portions of the epi-

thelial cells; arrowheads, staining in muscle fibers. Scale bars = 20 ^m.

core, and wide at the periphery. The glandular zone of

the osphradial epithelium runs along the curved outer

edge and is tube-like on a cross section (Fig. 6C). This

peripheral tube is separated from the main portion of the

lamella with a constriction. The ciliary zone is found ad-

jacent to this constriction. The main portion of the lamella

is described as a sensory type epithelium, the only type

on the central core of the osphradium (Hyman, 1967;

Crisp. 1973; Haszprunar. 1985).

FMRFa-ir elements are consistently found in the me-

dio-apical portion of the sensory epithelium of the lamella.

They are mostly represented by groups of relatively large,

oval or round cells that have a fine distal process facing

the mantle cavity and a basal neurite branching in the

lamella. Cell bodies occupy a basiepithelial position in

the lamella (Fig. 6A). The fibers do not enter the nerve

that arises from the ganglion, but approach the ganglion

separately. A second site of FMRFa-ir neuroepithelial cells

(not represented in Fig. 6A), is found in the central zone

of the epithelium covering the ganglion. Neurites of these

randomly distributed cells project directly to the ganglion.

The ganglion is very rich in intrinsic FMRFa-ir nerve

cells and fibers.

LEnk-ir elements are concentrated in the lateral edges

of the lamellae, i.e., in the glandular zone that forms a

loop approaching the basal part of the connective-tissue

sheath of the ganglion. The LEnk-ir cell bodies are situated

just beneath the outer cellular layer of the glandular zone

(Fig. 6B, C). Their processes run in two directions. Some
of them form a plexus underneath the cell bodies and

approach the ganglion running inside the tube-like glan-

dular zone itself. Others run to the ganglion directly,

through the ciliated and sensory zones (Fig. 6C). At the

periphery of the osphradial ganglion. LEnk-ir fibers form

a loose meshwork. Further, there are a small number of

LEnk-ir neurons within the ganglion.

MEnk-ir elements of this species are found in the glan-

dular zone of the lamellae (Fig. 6D), as well as in the

osphradial ganglion and its surroundings, and are similar

to those reacting to antibodies against LEnk. Outside the

osphradium, LEnk- and MEnk-ir nerve elements have

different distribution patterns.

NADPHd-positive elements are found in the osphra-

dium and concentrated in the ciliated zone of the lamellae,

where apical portions of the epithelial cells are stained

(Fig. 7A). There are also large, uniform-looking

NADPHd-positive cells within the mantle epithelium in

the vicinity of the osphradial lamella (Fig. 7B). A few

muscle fibers of this particular region also show a positive

reaction. No staining was detected after replacement of

/3-NADPH with -NADPH.

Non-osphradial epithelia ofthe gill area

In all species examined, single FMRFa- and LEnk-ir

neuroepithelial cells could be seen in the gill and mantle

epithelium. Their number is markedly higher in the gill

of the pelecypod Anodonta cygnea (Fig. 8A, B) than in

those of the prosobranchs (Fig. 8C). LEnk-ir cells of these

epithelia have a characteristic feature; a strongly immu-

noreactive layer in the apical part of the cell (Fig. 8B. C).

They share this feature with LEnk-ir elements of the os-

phradial canal in the pulmonate Lymnaea stagnalis

(Nezlin et al.. 1994).

Discussion

Our study has shown that transmitter-specific sensory

cells are found in the osphradia of pulmonate and pro-

sobranch molluscs. The FMRFa- and LEnk-ir sensory

cells of the osphradium of Lymnaea stagnalis (Nezlin et

ai. 1994) appear also in osphradia of various prosobranch

species with different degree of complexity. Thus this work

lends support to the idea that transmitter specificity can
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Figure 8. FMRFa-ir (A) and LEnk-ir (B) cells in the gill epithelium

ofAnucliiiiUi lygncii, and LEnk-ir (C) cell in the mantle epithelium of

Bitccinwn undaliim. FITC-labeling. Arrowheads label the borders of the

epithelium. Scale bars = 20 jim.

be a conservative feature of homologous nerve cells (Sak-

harov, 1970).

In the simple os| f iitonnu. all primary sen-

sory neurons labeled \v ; a to the two neuropep-

tides are neuroepithelial ^- is: that is, they are situated

within the epithelium of the organ. This situation refers

to the FMRFa-ir sensory cells in the osphradium ofAm-

piillariiis and Bncciniiiu, and to some degree to the LEnk-

ir sensory cells. In pulmonates, which are more recent

gastropod molluscs, homologous primary sensory cells are

true ganglionic neurons incorporated into the osphradial

ganglion (Nezlin el al. 1994). Similarly, two ultrastruc-

turally different types of primary sensory neurons were

demonstrated underneath the osphradial epithelium in

the opisthobranch Aplysia californica (Theler et al., 1987).

The concentration of specific nerve elements in specific

sites and the migration of neuroepithelial cells into central

nervous structures are both widely recognized general

trends of neural evolution. The sensory cells of the mol-

luscan osphradia seemingly fit well into this model. But

there are exceptions like the patellid limpets, which are

considered primitive prosobranchs. The cell bodies of their

osphradial sensory neurons are situated underneath the

epithelium, as in the pulmonates (Haszprunar, 1985).

Comparative studies of osphradia might help to elucidate

the factors that govern the behavior of neuroepithelial

cells, which sometimes migrate from their sites of origin

and sometimes, on the contrary, firmly retain their epi-

thelial position.

Reports reviewed by Haszprunar (1985) indicate that,

at least in primitive prosobranchs, osphradia are activated

by chemical signals from a potential sexual partner.

Moreover, sexual arousal of gastropod molluscs is sup-

posedly accompanied by an opioid-dependent suppression

of noxious responsiveness and defense behavior (Leonard

c/ al., 199 1 ). An enkephalin-like transmitter released from

activated osphradial sensory elements might mediate

chemical signals and integrate respective behavioral state.

As for FMRFa-ir sensory elements of the osphradium,

they could contain a number of neuropeptides related to,

and reactive with, antisera against FMRFamide (Green-

berg and Price, 1992; Walker, 1992). At the same time,

FMRFamide itselfwas shown to antagonize the behavioral

effects of opioids in molluscs (Kavaliers et al.. 1985). We

suggest that the two systems ofpeptidergic sensory neurons

of the gastropod osphradium mediate signals inducing

opposite behaviors.

Previous examination of the osphradial epithelium

by electron microscopy revealed neuroepithelial sensory

cells, not only in the central "sensory" zone of the earlier

light microscopical investigations, but in the ciliated

zone as well (Welsh and Storch, 1969; Crisp, 1973;

Haszprunar, 1985). Our results, based on visualization

of transmitter-specific elements and summarized in

Figure 9, confirm previous conclusions that sensory cells

may appear outside of the so-called sensory zone. They

also allow us to suggest an extension of the sensory area

to zones that are even more lateral to the relatively sim-

ple osphradium of Linorina. This might lead to a re-

consideration of the boundaries of the osphradium to

the surrounding mantle wall.

The results show that single FMRFa- and LEnk-ir epi-

thelial cells similar to those occurring in the osphradium

can be found in the epithelia covering other organs of the

pallial (mantle) complex in prosobranch molluscs. In the
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a-FMRFa a-LEnk NADPHd

B

Figure 9. Schematic representation of FMRFa- and LEnk-immu-

noreactive and NADPHd-positive elements in the left half of the os-

phradia of Littorina littorea (A) and Bucdmim undatum (B).

bivalve mollusc Anodonta. LEnk- and FMRFa-ir cells

were found abundantly distributed in the gill epithelium.

Correspondingly, bivalves have been described as having

poorly differentiated osphradial sensory system (Sokolov

and Zaitseva, 1982; Haszprunar, 1987). These findings

lead us to speculate that the osphradium may have orig-

inated as a site of concentration of epithelial sensory ele-

ments that predated the organ itself. The degree of spe-

cialization might then have increased progressively during

evolution. Note in this connection that, although no

LEnk-ir cells were found in or below the epithelium, in-

cluding the mantle epithelium, of pulmonate molluscs

(Sakharov el ai. 1993), the concentration of LEnk-ir ele-

ments in their osphradial epithelium is extremely high

(Nezlin f/a/.. 1994).

MEnk-ir cells were found in a similar position as the

LEnk-ir cells only in the highly evolved osphradium of

Buccinum. In all other prosobranch species, MEnk-ir cell

bodies and fibers were distributed in a uniform manner
within and around the ganglion. The sensory nature of

these cells has not been established, but the involvement

of additional sensory subsets of neurons in more sophis-

ticated osphradia is suggested by this finding.

NO attracts wide attention as a novel signal molecule.

A possible role for this intercellular messenger in ol-

factory signal processing has been recently discussed by
Breer (1993) and Breer and Shepherd (1993). The os-

phradium of the pulmonate snail Lvmnaea stagnails

appears to have been the first invertebrate structure

wherein NADPHd-positive cells were demonstrated by
a histochemical method and synthesis ofNO was proved

biochemically (Elofsson el ai, 1993). The extent to

which this subpopulation of NADPHd-positive ele-

ments (the putative NO-producing elements) is present
in prosobranch osphradia, and its possible involvement

in invertebrate sensory systems, is part of our scientific

program. Thus the finding that histochemically positive

cells occur in the osphradial region and epithelium was

included in this report.

Our results confirm that the dependence of J-NADPH
is stereospecific. It was earlier shown by Hope and Vincent

(1989) that /J-NADPH and -NADPH gave different

staining patterns in the rat brain. Specifically, the alpha

form did not stain brain blood vessels that are known to

contain NADPH diaphorase related to the NO-synthase

(ladecola, 1993). In our material, no staining at all was

obtained with -NADPH in the osphradia of the two ma-

rine species examined, and seemingly nonspecific diffuse

staining only was observed in that ofAmpullarius sp. when
a-NADPH was used.

With -NADPH as a substrate, the NADPHd-positive
cells were found in an area next to the osphradium proper
in Littorina and Buccinum and, in addition, seem to be

a part of the osphradial lamellae themselves ofBuccinum.

These findings are especially interesting in the case of cili-

ated NADPHd-positive cells of Buccinum in the context

of recent results obtained on rat olfactory cilia. A selective

inhibitor of NO formation has been shown to prevent

completely an increase in cGMP production in response

to high odor doses, indicating that, in the rat, NO gen-

erated in stimulated receptor cilia may activate guanylate

cyclase in adjacent cells (Breer el ai. 1992). The NADPH-
positive ciliated cells of the gastropod osphradium may
provide an advantageous preparation for studying the un-

derlying mechanisms.
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Abstract. The optic lobe of squid (Loligo pealei) con-

tains FMRFamide receptors that can bind an iodinated

FMRFamide analog: ['

25
I]-desaminoTyr-Phe-norLeu-

Arg-Phe-amide ([
125

I]-daYFnLRFa). Radioligand binding

assays revealed that squid FMRFamide receptors are spe-

cific, saturable, high affinity sites (Kd = 0. 1 5 nA/) densely

concentrated in optic lobe membranes (Bmax = 237 fmole/

mg protein). The receptors appeared to be coupled to G s

because guanine nucleotides inhibit receptor binding and

the stimulation of adenylate cyclase by FMRFamide is

GTP-dependent. Both the binding and cyclase data

showed that FMRFamide, but not FMRF-OH, interacts

at FMRFamide receptors; thus the C-terminal Arg-Phe-

amide is critical for binding. The high binding affinity of

FMRFamide (0.4 nM IC 50 ) was specific for FMRFamide-
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Science. 1333 H Street, N.W., Washington, DC 20005. Current address

for Dr. Payza: ASTRA, Biotechnology Research Institute. 6100 Royal-
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Abbreviations. In addition to standard one- and three-letter abbrevi-

ations for amino acids, the following are used: the letter "a" at C-terminal

ends of peptides signifies an amide; ac. acetyl; BSA, bovine serum albumin

fraction V; cAMP, adenosine-3',5'-cyclic monophosphate; CHAPS.

3-[(3-cholamidopropyl)-dimethylammonio]-l -propane sulfonic acid;

CHAPSO. 3-[(3-cholamido-propyl)-dimethylammonio]-2-hydroxy-l-

propane sulfonic acid; daY. desaminotyrosine; dNTPs. equimolar mixture

ofdATP, dGTP, dCTP. and dTTP; DTT, dithiothreitol; EDTA, disodium

ethylenediamme tetraacetate; FMRFamide, Phe-Met-Arg-Phe-NH : ;

Gpp[NH]p. guanylyl-imidodiphosphate; GTP[-)]S. guanosine-5'-O-

( 3-thiotnphosphate ); H EPES, A'-2-hydroxyethylpiperazine-A"-2-ethane

sulfonic acid; IBMX. isobutylmethylxanthme; MES. 2-[A'-morphol-

mo]ethane sulfonic acid; PIPES. piperazme-A',A"-bis-2-ethane sulfonic

acid; nL, norleucine; NS, nonspecific binding; PCR, polymerase chain

reaction; PMSF. phenylmethylsulfonylfluoride; RIA, radioimmunoassay;

SB. specific binding; SQM. squid optic lobe membranes; TB. total binding;

TIC, L- 1,2, 3,4 tetrahydroisoquinoline-3-carboxylic acid.

like peptides. The structure-activity relations of many
FMRFamide analogs were defined in detail and were

nearly identical for both the membrane-bound and de-

tergent-solubilized receptors. We also found that squid

optic lobe contains FMRFamide-like reactivity as mea-

sured with both a radioimmunoassay and a radioreceptor

assay. Moreover, we have sequenced a fragment of ge-

nomic DNA that encodes a FMRFamide precursor. Our

findings in sum suggest that FMRFamide is a neurotrans-

mitter in squid optic lobe, and that this tissue is a good
source from which to purify FMRFamide receptors.

Introduction

The tetrapeptide FMRFamide (Phe-Met-Arg-Phe-NH:)

functions as a neurotransmitter in many invertebrates.

Biochemical and molecular biological studies indicate that

FMRFamide-related peptides constitute a large and di-

verse transphyletic peptide family (Price and Greenberg.

1989). A single species often contains more than one

FMRFamide-related peptide; multiple FMRFamide-re-

lated peptides are encoded by a single mRNA in Aplysia

(Taussig and Scheller. 1986). Drosophila (Schneider and

Taghert, 1988), Lymnaea (Linacre et a/.. 1990), and Cae-

norhabditis (RosorTV/ a!., 1992). Acting through G-pro-

tein-regulated pathways, FMRFamide activates 1C chan-

nels in Aplysia sensory neurons (Abrams et ai. 1 984) and

inhibits Ca2+
channels in Helisonui neurons (Man-Son-

Hing et ai. 1989). The peptide also excites the heart in

Macrocallista (Price and Greenberg, 1977). Hirudo

(Kuhlman et at., 1985), Helix (Payza, 1987). Octopus

(Martin and Voigt, 1987; Voigt et ai. 1981), and Sepia

(Kling and Jakobs, 1987). In addition to their diverse ef-

fects in invertebrates, FMRFamide-related peptides mod-

ulate opioid analgesia, tolerance, and dependence in rats

185
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Figure 1. Time course of FMRFamide receptor binding in SQM.
For the upper and lower figures respectively, ['

25
I]-daYFnLRFa (0.026

and 0.032 nA/) was incubated with SQM (50 and 10 ^g protein) at

and 25C. The total and nonspecific binding were determined in triplicate

in single experiments at the times indicated, and the specific binding

( SEM) is plotted against time.

(Lake el ai. 1991; Malin ct a/., 1990a, b: Malin et al..

1993; Tang et ai. 1984; Yang el ai. 1985); for reviews,

see Raffa (1988) and Rothman (1992). The actions of

FMRFamide and the mammalian FMRFamide-related

peptide Neuropeptide FF (NPFF) appear to be mediated

through binding to NPFF receptors in rats (Allard et ai,

1989; Payza et ai. 1993).

Despite numerous studies of the cellular effects of

FMRFamide and related peptides, little is known about

the receptors for these ligands. An in vitro radioligand

binding assay was developed and used to characterize the

receptor in Helix nervous tissue and heart (Payza, 1987;

Payza et ai. 1989). These studies indicated that
[

I25
I]-

daYFnLRFa binds in a reversible, saturable, and specific

manner to FMRFamide receptors of high ( 13 nM) and

low (250 nA/) affinity in Helix brain. This approach has

been extended to include characterization of the rat spinal

cord receptor for NPFF (Allard et al., 1989; Payza and

Yang, 1993). Nevertheless, purified FMRFamide receptor

protein and sequence information are necessary to develop

specific molecular probes with which to study receptor

expression, distribution, and diversity. Thus, we sought

to identify a source of molluscan nervous tissue in which

FMRFa vie receptors could be studied, and from which

the recep rs could be solubilized and eventually purified.

Here \ e describe the characterization, effector-cou-

pling, and solubilization of FMRFamide receptors in the

squid Loligo pealei. We also present evidence that

FMRFamide is present in this species. Loligo pealei is

used as our molluscan model system because squid ner-

vous tissue is abundant and readily available, and because

the relevance of FMRFamide in Loligo was demonstrated

by its potentiation of transmitter release at the giant syn-

apse (Cottrell et ai. 1989).

Materials and Methods

Materials

Frozen squid optic lobes were from Calamari, Inc.

(Woods Hole, MA). The peptides FMRFa and acFnLRFa

35
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Figure 2. Dependence ofFMRFamide receptor binding on pH. Squid

optic lobe membranes were incubated with 0.014 nA/['
:5
I]-daYFnLRFa

in 80 mA/ Hepes/Tris buffered at the pH values indicated. After 2.5 h

at 0C. the total and nonspecific binding were determined in triplicate.

The specific binding values were normalized to the total radioligand,

and have been plotted against pH. Points are mean values ( SEM) from

one experiment.
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Figure 3. Specificity of FMRFamide receptor binding. The specific binding of 0.02 nA/ ['-
5

I]-daYFnLRFa

to SQM (50 Mg protein) was determined after incubation for 2.5 h at 0C in the presence of competing

peptides at the concentrations indicated. The percentage of control specific binding has been plotted against

peptide concentration. Points are means ( SEM) of triplicate determinations from single experiments,

except for YGGFMRFa (duplicates from one experiment).

were from Sigma (St. Louis, MO). The YFMRFa was

from Peninsula (Belmont, CA), and FnLRFa was from

Cambridge Research Biochemicals (Cambridgeshire.

England). The [D-F]MRFa, F[D-M]RFa. FM[D-R]Fa. and

FMR[D-F]a were from Bachem (Torrance. CA). Except

for daYFnLR[TIC]amide (which we made), the remaining

peptides were synthesized by Dr. B. M. Dunn (University

of Florida. Gainesville. FL), purified by reverse-phase

HPLC. and quantitated by amino acid analysis. Aprotinin.

creatine kinase, and nucleotides (Li 4)GTP[-y]S. (Li2)GTP.

(Li;.)GDP, and (Na:)ATP were from Boehringer Mann-

heim (Indianapolis, IN). The (Li4)Gpp[NH]p and

(Na2)GMP, isobutylmethylxanthine (IBMX), and digi-

tonin were from Fluka (Ronkonkoma. NY). The CHAPS
and CHAPSO were from Calbio-chem (La Jolla. CA).

Bestatin was from Cambridge Research Biochemicals

(Wilmington. DE).

Preparation ofsquid optic lobe membranes (SQM)

Squid optic lobes (12 per preparation, each ~0. 15 g

wet weight) were thawed and homogenized with 12 strokes

of a motor-driven Potter-Elvehjem pestle in 24 ml ho-

mogenization buffer (50 mM Hepes-NaOH, pH 7.4.

150 mA/NaCl, 5 mM 2-mercaptoethanol, 3 rruUEDTA,
1 mA/EGTA) containing 0.4 mTl/PMSFand 5 mMben-
zamidine. The homogenate was centrifuged at 3000 rpm
( 1 .000 X g) for 10 min, and the pellet was rehomogenized
in 24 ml homogenization buffer with inhibitors and re-

centrifuged. The two supernatants were combined, diluted

to 200 ml with homogenization buffer, and centrifuged

at 50,000 rpm (200,000 X g) for 30 min. This supernatant

was discarded. The pellets were twice suspended in 200 ml

of 20 mM Pipes-Tris (pH 6.5) and centrifuged. The final

pellets were suspended in Pipes-Tris buffer to a protein

concentration of 5-1 5 mg/ml, quick-frozen in dry ice, and

stored at -20C. Protein was measured as previously de-

scribed (Chin and Goldman, 1992). These membranes

retained most of their binding activity after freezing and

thawing repeatedly.

Binding oj ['

:
-I}-dciYFnLRFa to SQM

Squid optic lobe membranes (10-75 Mg protein) were

combined with the indicated concentrations (see figure

legends) of mono-iodo [

125
I]-daYFnLRFa, prepared and

purified to 2200 Ci/mmole as before (Payza. 1987). in a

total volume of 300 //I of 40 m.U Pipes-Tris (pH 6.5), 1%

BSA. Nonspecific binding was determined in the presence

of 1-10 /iM FMRFamide or acFnLRFa. Effects of test

substances on radioligand binding were determined by

including other peptides or nucleotides in the assay. The

mixtures were incubated for the times and temperatures

specified in the figure and table legends. The samples were

then filtered through wet Whatman GF/B filters on a vac-

uum manifold, and the filters were washed four times

with 4 ml of ice-cold Pipes buffer with 0.75% BSA. Ra-

dioactivity trapped on the filters was measured with a
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Figure 4. Saturation of specific ['

:5
I]-daYFnLRFa binding to

FMRFamide receptors. The specific binding of ['

25
I]-daYFnLRFa (0.002

to 0.7 nAO to SQM (58 ng protein) was determined after incubation for

2.5 h at 0C. The specific binding values (fmole/mg protein) have been

plotted against free radioligand concentration. Inset: Scatchard analysis

of the specific binding data (r = 0.98). Points are individual determi-

nations from one experiment.

gamma counter, and specific binding (SB) was defined as

the difference between total and nonspecific binding. The
SB accounted for 68-82% of the total binding. The IC50

values for peptides were from plots of percent SB versus

log [molar peptide]. Hill coefficients (nH ) were calculated

from plots of log[%SB/(100-%SB)] versus log [molar

peptide].

Binding of ['
25
l]-daYFnLRFa to sohtbilncd SQM

Squid optic lobe membranes were incubated for 30 min
on ice with various concentrations of CHAPS and then

centrifuged at 43,000 rpm (100,000 x g) for 30 min. The
standard protocol used in most of the experiments was

0.25% CHAPS and 1 mg/ml SQM protein. The super-

natant was assayed for ligand binding activity in 40 mM
Pipes-Tris(pH 7.0), 0.1% BSA, 1 nWDTT, 1 mA/EDTA
containing 10-50 pA/ [

i:5
I]-daYFnLRFa. Samples (1-

10 jig squid protein) were incubated in a final volume of

0.3 ml for 1.5-2.0 h at 23C in the absence or presence

of 10 fiM acFnLRFa. Then 0.75 ml of ice-cold 0.75%

charcoal, 0.075% dextran, 20 mM Mes-Tris (pH 6.5),

0.02% NaN 3 was added, and the samples were mixed

thoroughly. They were incubated on ice for 10-15 min

to allow charcoal adsorption of free radioligand and were

then centrifuged in a refrigerated microfuge ( 12,000 X g)

for 2.5 min. Radioactivity in a 0.9 ml aliquot of the su-

pernatant was measured. Under these conditions more

than 95%. of the unbound radioactivity was adsorbed to

charcoal. Tracer integrity was determined by HPLC as

before (Payza. 1987); degradation was less than 5%. Spe-

cific binding, assayed in triplicate, was linear with the

amount of protein and was 5-10% ofthe total radioactivity

added. The buffers MES, HEPES, and PIPES were equally

effective in the charcoal solution.

Adenylate cyclase assays

Squid optic lobe membranes (5 /jg protein) were com-

bined with various test peptides in 300 or 400 /ul of 50

Tris, 20 mAl NaCl, 3 mM magnesium acetate, 500

ATP. 1 mM IBMX, 50 ^M GTP, 20 mM creatine phos-

phate, 10 U creatine kinase, 100 ^M bestatin, 100 nM
PMSF, 15 fiM aprotionin, 1% BSA, pH 7.7. The pH 7.6

was chosen because the basal and acFnLRFa-stimulated

cyclase were decreased by reductions of the assay pH to-

wards the optimal binding pH of 6.5. The mixtures were

incubated at 30C for 10 min and the reactions terminated

by boiling. The cAMP generated was acetylated and mea-

sured by RIA, in which an
[

i:5
I]-Tyr-cAMP analog was

used with antiserum to cAMP (gift of Dr. David C. Klein,

NICHD).

Identification ofFMRFamide-like peptides in squid

Seven optic lobes ( 1 .6 g) were homogenized in 40 ml

of cold 1 .17 acetic acid with 0.02 M HC1. The homogenate
was centrifuged at 48,000 X g for 10 min at 4C, raised

to pH 2.5, and applied to a C, 8 Sep-pak (Waters). The

retained material was washed with 30 ml water and then

eluted with 6 ml of 75% acetonitrile in 0.1% TFA (HPLC
solvent B). The eluant was dried, resuspended in 2 ml

methanol. and spun in a microfuge. The supernatant was

dried and resuspended in 1 ml 0.1%. TFA (HPLC solvent

A). An aliquot (170 ^1) was brought up to 15% B, micro-

fuged again, and the supernatant was injected onto a C4

HPLC column (Biorad) with a gradient of 15 to 30% B
in 20 min at a flow of 1.5 ml/min. Aliquots of the 30-s

fractions (some of which were pooled) were diluted 50-

fold in 15 mM Pipes-Tris, pH 6.4, 0.3% BSA. In the ra-

dioimmunoassay (RIA). duplicate aliquots (20^1) were

combined with 300 n\ of S253 antiserum (Price, 1983) at

1:20,000 final dilution, and 16,000 dpm of [

i:5
I]-da-

YFnLRFa (0.01 nM). After incubation for 17 h at 4C,
each tube was vortexed with 1 ml cold ethanol and cen-
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Table I

Inhibition of['
25
I]-daYFnLRFa binding to SQM by FMRFamide analogs

Phe' % INH Mel 2
i INH Arg

3 % INH Phe4 INH

YMRFa
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Table II

Potencies of peplides al membrane-bound and sohibilized

FMRFamide receptors

Peptide IC50 (membrane) IC 50 (solubilized)

FMRFa
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Figure 7. Stimulation of adenylate cyclase by FMRFamide-related peptides. The adenylate cyclase activity

in SQM was measured in the presence of 0-100 nM peptides. (A) Dose-response curve for stimulation of

adenylate cyclase by FMRFamide and acFnLRFa. (B) Effects on adenylate cyclase of peptides at 100 pM.
Results are means ( SEM) of triplicate determinations from single experiments.

= 0.4 nM). The potency of FMRFamide was close to the

0.2 nA/TCso of the most potent ligand. daYFnLRFa (Fig.

3). The binding was not displaced by the unrelated pep-

tidescholecystokininoctapeptideandleucine-enkephalin.

Scatchard analysis of ['

25
I]-daYFnLRFa binding re-

vealed a single population of high-affinity binding sites,

with a Kd of 0. 1 5 nM and Bmax of 237 fmole/mg protein

(Fig. 4).

Characterization ofFMRFamide receptors in squid

The structure-activity relations ofFMRFamide receptor

binding were examined by testing a series ofFMRFamide

analogs for displacement of specific ['

25
I]-daYFnLRFa

binding to SQM. We first examined the stereospecificity

of binding, and found that D-amino acid substitution

drastically reduced the subnanomolar potency of

FMRFamide: [D-F]MRFa had an IC 50 of 0.13 fiM. F[D-

M]RFa and FM[D-R]Fa both had IC50 values of 1.3 M,
and FMR[D-F]a displaced only 28% of specific binding

at the highest concentration tested (4 fiAl). We next

screened a series of analogs, L-substituted at each of the

four amino acid positions, and all at 0.2 pM, to determine

whether any other structures can bind to FMRFamide

receptors at a concentration 500 times the ICso of

FMRFamide (Table I). The potencies for a selection of

these FMRFamide analogs were then determined by gen-

erating displacement curves (Fig. 5) and calculating IC50

values for each peptide (Table II). The Hill coefficients

were determined for each peptide in Figure 5, and the

values ranged from 0.65 to 0.92. We also found that a

FMRFamide analog with L- 1,2, 3,4 tetrahydroisoquino-

line-3-carboxylic acid (TIC) in place of the C-terminal

Phe, daYFnLR[TIC]-amide displaced radioligand binding

with a potent IC 50 of 0.39 nA/(nH = 0.87).

Coupling ofFMRFamide receptors to G-proteins

and adenylate cyclase

The coupling of FMRFamide receptors to G-proteins

was examined by testing guanine nucleotides for inhibi-

tory effects on specific ['

25
I]-daYFnLRFa binding to SQM.

The nucleotides GTP, Gpp[NH]p, GTP[7]S, and GDP
inhibited FMRFamide receptor binding in a dose-depen-

dent manner (Fig. 6). This effect was not observed with

GMP or ATP. The inhibitory effect of GTP[-y]S at 25C
was about 2.5-fold more potent than at 0C (Fig. 6), a

finding consistent with a previous report (Aronstam and

Narayanan, 1988). The coupling ofFMRFamide receptors

to adenylate cyclase was examined by testing FMRFamide
for modulation of the enzyme activity in SQM. Produc-

tion of cAMP from ATP by adenylate cyclase in SQM
was stimulated in a dose-dependent manner by

FMRFamide (Fig. 7A). The peptides acFnLRFa and
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Figure 8. Soluhilization of FMRFamide receptors from SQM. Membranes ( 1 mg/ml) were incubated

with CHAPS on ice for 30 min, centnfuged at 100,000 x g for 30 min, and the supernatant was assayed for

protein and specific binding in the presence of 0.05 riA/
[

125
I]-daYFnLRFa. Similar results were obtained

in four independent experiments and at initial protein concentrations of 2. 5. and 10 mg/ml.

YFMRFa were more active than FMRFa, but FMRF-
OH and Leu-enkephalin were without effect (Fig. 7B). If

a G-protein participates in the activity of FMRFamide-

stimulatcd adenylate cyclase. then GTP must be required,

and this requirement was examined. In the presence of

GTP (20 or 50 /uM). 100 nM acFnLRFa produced a two-

fold stimulation of adenylate cyclase, but in the absence

ofGTP it had no effect.

Solubilization ofFMRFamide receptors

In exploratory studies, the following observations were

made. Specific [

125
I]-daYFnLRFa binding activity could

be solubilized with digitonin (0.25-1.0%) over a broader

range of detergent concentrations than with CHAPS, but

the recoveries were not as high as those achieved with

CHAPS. CHAPSO at 0.25% also solubilized specific

binding activity. CHAPS solubilization was optimal at

pH 6.5, whereas solubilized ligand binding activity was

optimal at pH 7.0. Solubilization of ligand binding activity

was reduced at high ionic strength (50% less in 0.15 M
NaCl or KC1). The measurement of binding activity was

much less sensitive to ionic strength but was significantly

reduced by divalent cations (40% less in 5 m.\/ MgCU or

CaCN). The CHAPS-solubilized preparation was stable

for at least 6 h on ice, and stability was not affected by

sucrose or glycerol. Protease inhibitors (PMSF, benzam-

idine, bestatin, bacitracin, leupeptin, aprotinin, pepstatin)

did not consistently improve the recovery of binding ac-

tivity when they were added either during the solubili-

zation or during the binding incubation. Finally, both

['

25
I]-D-YFnLRFa and [

l25
I]-YGGFLRFa bound to the

solubilized preparation with similarly high affinity and

specificity but with more nonspecific binding as compared

to [

!25
I]-daYFnLRFa.

In the experiments reported below and illustrated in

the figures, the zwitterionic detergent CHAPS was used

to solubilize the FMRFamide receptor from SQM.
CHAPS concentrations in the neighborhood of the critical

micelle concentration (about 0.4%) solubilized 10% of the

total membrane protein (Fig. 8). The optimal solubili-

zation of specific binding activity occurred in the range

0.25-0.5% CHAPS. The decrease of binding activity re-

covered at higher CHAPS concentrations probably was

due to denaturation of the receptor as a consequence of

its direct interaction with detergent or of delipidation.

Alternatively, higher CHAPS concentrations might dis-

rupt the association of the receptor and G-protein, causing

a loss in receptor binding affinity.

Characterization ofsolubilized FMRFamide receptors

The time courses of association of radioligand with re-

ceptor and of dissociation of radioligand from receptor

after addition of 1 /j.\I unlabeled ligand are shown in Fig-

ure 9. Association under pseudo first-order conditions

reached a plateau after 90-120 min incubation at room

temperature; a semilogarithmic plot of the approach to

equilibrium as a function of time (inset) yielded kon
= 9.6

x 10
7 M ' min '. Ligand dissociation was slow and

yielded kofr
= 0.00894 min" 1

for an equilibrium dissocia-

tion constant of 0.093 nM, which was slightly more potent

(1.6-fold) than the Kd measured in unsolubilized SQM
(0.15 nM). Scatchard analysis of specific binding as a
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Figure 9. Association and dissociation of receptor and ligand. (A)

Solubilized SQM was combined with 0.07 n.\l ['

:5
I]-daYFnLRFa and

assayed lor specific binding as a function of time. The equilibrium value

was estimated to be 1400 cpm from five independent experiments. The

inset shows the relation of the difference between the actual and equi-

librium values of binding as a function of time, under pseudo first-order

conditions with [ligand]/[receptor] ~7. (B) Solubilized SQM was in-

cubated with radioligand for 3 h. and then 1 ^M acFnLRFamide was

added. The amount of bound radioactivity remaining was determined

as a function of time in two independent experiments. The initial value

was taken as the amount bound just prior to addition ofacFnLRFamide.

function of ligand concentration produced curved plots

whether CHAPS or CHAPSO was employed to solubilize

the receptors (Fig. 10). The curved Scatchard plots made

it difficult to estimate precisely the affinity and yield of

receptors from the solubilization step. Using a nonlinear

curve-fitting program (JMP, SAS Institute, Gary, NC), we

determined that the data could not be fit to a two-site

model.

Binding to the solubilized receptors was sensitive to

guanine nucleotides as for the membrane-bound receptors

(Fig. 1 1 ). Again. GTP[-f]S was more potent than GTP.

and ATP had no effect over the same range of concen-

trations. The IC50s for GTP and GTP[-y]S were 0.17 n\I

and 0.028 n.M. each about 200-fold more potent than ob-

served with unsolubilized SQM. The complete inhibition

by GTP and GTP[-y]S indicated that all of the active,

solubilized receptors were complexed with G-proteins.

These results are consistent with a GTP-induced decrease

in the affinity of the receptor for ligand, because the char-

coal adsorption assay does not detect interactions with

K<) > ~0.1 n\l. Scatchard analysis in the presence of

0. 1 7 [iM GTP produced a curve, parallel to that shown

in Figure 10. but shifted downward with an apparent loss

of about half of the binding sites (not shown).

The binding specificity of the solubilized receptors was

determined by displacement ofthe radioligand with other

peptides. As shown in Figure 12, FMRFamide and ac-

FnLRFa both had IC 50s < 1 nAf, whereas the non-ami-

dated FMRF had an IC 5( , of 30 nM. Selected FMRFamide

analogs (from a panel of 60 peptides) displayed inter-

mediate IC 50s as shown in Table II, whereas the unrelated

peptides leucine-enkephalin, methionine-enkephalinam-

ide, somatostatin, and substance P (7-1 1 ) did not displace

at concentrations up to 10 nM. The competition curves

for displacement of radioligand from the solubilized re-

ceptor were similar in maximal displacement and steep-

ness for many of the FMRFamide analogs tested, sug-

gesting displacement from a single population of sites.

Hill plots yielded coefficients of 0.52-0.86, indicating non-

interacting binding sites. The log[IC 50 ]
values determined

for each peptide with the CHAPS-solubilized receptors

Mill
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3 -too

E

I

CQ

300 400 500

Bound (fmol/mg)

Figure 10. Scatchard plot of binding to solubilized receptors. The

specific binding of increasing concentrations of ['

:5
I]-daYFnLRFa to

solubilized SQM was determined. The values of bound/free radioligand

(fmole/mg protein -nM) have been plotted against bound radioligand.

Results are from single experiments in which the receptors were solu-

bilized with CHAPS (closed circles) or CHAPSO (open circles).
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Figure 11. Nucleotide effects on solubilized receptors. The specific

binding of 0.07 nM radioligand to solubilized SQM was determined in

two independent experiments with the nucleotides GTP. GTP[-y]S and

ATP. The percentage ofcontrol specific binding (mean SEM) has been

plotted against nucleotide concentration.

were linearly related to those determined with the mem-
brane-bound receptors, and the slope was unity (Fig. 13).

This finding suggests that the binding specificities of the

two preparations were nearly identical, and that CHAPS
treatment had not altered the structure of the protein.

Overall, solubilization improved displacement potency of

the peptides tested by an average of half a log unit

(threefold).

Identification ofFMRFamide-like peptides in squid

optic lobe

The demonstration of FMRFamide receptors in squid

optic lobe suggests that FMRFamide itself should be de-

tectable in this tissue. An acid extract of squid optic lobes

was subjected to reverse-phase HPLC, and the fractionated

eluant was analyzed both by radioimmunoassay (RIA)

and by the radioreceptor assay described above. Some of

the fractions were immunoreactive in the RIA with
[

I25
I]-

daYFnLRFa and anti-YGGFMRFamide antiserum S253

(Price, 1983). Most of the FMRFamide-immunoreactivity
eluted in the positions of authentic FMRFamide and

FLRFa (Fig. 1 4 A). Moreover, the same HPLC fractions

of the extract displaced ['

:5
I]-daYFnLRFa from binding

sites in squid optic lobe membranes: thus, the receptor-

reactivity coeluted with the immunoreactivity in the po-

sitions of FMRFamide and FLRFa (Fig. 14B). The results

of both assays were in close agreement that the amount

of FMRFamide in the tissue (5.2-6.4 nmole/g wet weight)

was about 13- to 14-fold that ofFLRFa (0.36-0. 51 nmole/

g). An acetone extract of squid optic lobes was also sub-

jected to reverse-phase HPLC on a C|g column, and the

fractions were assayed with S253 antiserum and [

I25
I]-

YGGFMRFamide. Again, some ofthe immunoreactivity

100
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Figure 12. Binding specificity of solubilized receptors. The specific binding of 0.07 nM radioligand to

solubilized SQM was determined in the presence of FMRFamide, acFnLRFamide, and the non-amidated

FMRF at the indicated concentrations in many independent experiments. The percentage of control specific

binding (mean SEM) has been plotted against peptide concentration.
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Figure 13. Comparison of the CHAPS-solubilized and membrane-bound FMRFamide receptors.
FMRFamide analogs were tested for their ability to displace radioligand binding from CHAPS-solubilized
and unsolubilized SQM, and their log (IC50 ) values (from Table II) were plotted together. Results are compiled
trom many separate experiments.

eluted in the positions of authentic FMRFamide and
FLRFa, and unidentified, later-eluting peaks were also

detected by S253 antiserum (not shown).

Identification ofa FMRFamide precursorfragment in

squid genomic DNA

As demonstrated above, coelution in distinct parallel

assays strongly indicates that FMRFamide and FLRFam-
ide are present in squid optic lobes. Nevertheless, in the

absence of information from either sequencing or mass

spectrometry, these data are not unimpeachable. More-
over, although FMRFamide and FLRFamide have been

chemically identified in every major class of molluscs

(Price and Greenberg, 1989). including cephalopods
(Martin and Voigt, 1987), this has never been done in

any squid. Still, rather than identifying these particular

peptides in yet another species of mollusc, we proceeded
to clone and sequence part of a FMRFamide precursor
from squid genomic DNA. Following the strategy de-

scribed in the Methods, a fragment of the genome was

amplified by PCR, then cloned and sequenced (Fig. 14C).
This fragment encodes, between the primers, three copies
of the peptide: Lys-Arg-Phe-Met-Arg-Phe-Gly-Arg, where
the basic residues at the C- and A-terminals are cleavage
sites, and the glycyl residue is the amidation site.

Discussion

FMRFamide receptors in squid

Our finding of specific, saturable
[

125
I]-daYFnLRFa

binding to optic lobe membranes of Loligo pealei consti-

tutes the first direct evidence of FMRFamide receptors in

this tissue. The ability of
[

' :5
I]-daYFnLRFa to specifically

label FMRFamide receptors in Loligo is consistent with

the prior use of this radioligand in the land snail Helix

aspersa, the main similarity between the receptors of the

two molluscs being the low binding potency of FMRF-
OH with respect to FMRFamide (Payza. 1987). These
strict preferences for the amidated form of the peptide
are consistent with the bioactivity of the peptides on the

isolated Helix heart (Payza. 1987). Similarly, FMRFa,
FLRFa, YGGFMRFa, and YGGFLRFa were cardioex-

citatory on the isolated systemic heart of Octopus vulgaris,

and these effects were specific for the C-terminal amide

(Martin and Voigt, 1987; Voigt el a/.. 1981). The main
differences between the receptors of Helix and Loligo are

that ( 1 ) in squid [

125
I]-daYFnLRFa binds to a single pop-

ulation of binding sites, whereas in Helix, multiple sites

were observed (Payza, 1987; Payza el al. 1989); (2) the

receptors in squid show a much higher affinity for

FMRFamide; and (3) A-terminal extensions greatly im-

proved the micromolar potency of FMRFamide at Helix

receptors, but did not improve the already subnanomolar
FMRFamide affinity at squid receptors; i.e., the potencies
of acFnLRFa and daYFnLRFa were similar to that of

FMRFamide. and YGGFMRFa was 2.5-fold weaker. The
pH optimum of binding was also more acidic in squid
than in Helix.

Structure-activity relations ofreceptor binding

In contrast to the minor effects of the /V-terminal ex-

tensions, the effects of single amino acid substitutions in
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GAA AAG AAA TTC ATG CGC TTC GGC AAA CGC TTC ATG

EK KFMRFGKRFM 216
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FMRFamide ranged from no effect to the complete elim-

ination of binding at 0.2 /j.M peptide. In the Phe 1

position,

the least detrimental substitution was with Tyr; all other

substitutions tested were not tolerated (e.g.. HMRFa and

PMRFa had IC50s of 0.2 and 1.0 (iM, respectively). The
Met 2 was the position most tolerant to substitution:

FLRFa was equipotent with FMRFamide, and analogs

containing aromatic residues were also active (see FFRFa,
FYRFa, FWRFa). The Arg

3
could not be substituted with

the positively charged Lys, but it could be replaced by
His with a 200-fold loss in binding. The C-terminal Phe

was extremely intolerant to substitution with almost any
amino acid tested; the only exception was the rigid Phe

analog. TIC. The potent binding of daYFnLR[TIC]amide
suggests it should be a potent agonist or antagonist.

FMRFamide receptor coupling

Our results suggest that FMRFamide receptors in squid

optic lobe are coupled to G s . The specificity of the guanine
nucleotide effect on FMRFamide receptor binding is con-

sistent with GTP regulation of other G-protein-coupled

receptors, such as receptors for opiates (Childers and Sny-

der, 1980) and the mammalian FMRFamide-related pep-

tide Neuropeptide FF (Payza and Yang, 1993). Moreover,

the stimulation of adenylate cyclase by FMRFamide in

squid shows a requirement for GTP. Thus, squid FMRFa
receptors appear to be members ofthe family ofG-protein-

coupled receptors, one ofwhich (phospholipase C-coupled

rhodopsin) has been cloned recently in squid (Hall el a/..

1991). The coupling of FMRFamide receptors in optic

lobe of Loligo is in agreement with FMRFamide-stimu-
lated cAMP production in Mercenaria heart (Higgins el

ai. 1978), Lampsilis heart (Painter, 1983). and Aplysia

gill (Weiss el al, 1984). The low potency of FMRFamide
receptor-stimulated adenylate cyclase in SQM is con-

sistent with the observed inhibitory effect of GTP on

receptor binding. The larger effects of acFnLRFa and
YFMRFa relative to FMRFamide suggest that the 7V-

terminally modified peptides may have higher efficacies

at the receptor.

Solubilized FMRFamide receptors

The FMRFamide receptor in the squid shares with the

family of G-protein-coupled receptors the characteristic

that it can be solubilized by digitonin, CHAPS, and

CHAPSO (all detergents containing the steroid skeleton),

while still retaining the ability to bind ligands (Haga et

nl.. 1990). This family of receptors consists of integral

membrane proteins of 40-50 kDa, with seven membrane-

spanning regions and a ligand-binding pocket buried

within the transmembrane domain of the protein (Dohl-

man et al.. 1987; Lismaa and Shine, 1992). In some in-

stances, as with the FMRFamide receptor, solubilized re-

ceptors retain their association with the heterotrimeric G-

proteins and display GTP-sensitive ligand affinity as in

the intact cell (Berrie el al.. 1984; Knuhtsen et ai. 1988;

Marie et ai. 1989; Gimpl et ai. 1990). The immunopre-
cipitation of somatostatin receptors has been reported with

antibodies directed against G-proteins (He et ai. 1990;

Law et ai. 1991), and this may provide a useful purifi-

cation step for use with the FMRFamide receptor. In ad-

dition, the increased potency of guanine nucleotides ob-

served in the solubilized preparation is consistent with

recent reports of similar changes in the neuropeptide Y
and somatostatin receptors (Marie et ai. 1989: Gimpl et

al.. 1990).

The unsolubilized FMRFamide receptors appeared to

be a single population of high affinity, non-interacting

sites. After CHAPS-solubilization, the kinetic analysis of

radioligand binding and the potencies of FMRFamide
analogs in the displacement experiments suggest that high

affinity binding is slightly enhanced by CHAPS treatment.

The unchanged structure-activity relations of peptide

binding suggest that the detergent did not adversely affect

the ligand binding site, but the curvilinear Scatchard plot

does indicate some heterogeneity. Considering also the

Hill coefficients of 0.5-0.9 for the peptide analogs, we

suggest that the solubilized preparation contains a mixture

of receptors, some of which have been perturbed by de-

tergent and show a decreased affinity for ligand. This het-

erogeneity would account for the nonlinear Scatchard

Figure 14. Identification of immunoreactive and receptor-reactive FMRFamide in squid optic lobe. (A)

In one experiment a squid optic lobe extract was analyzed on a C4 HPLC column as described in the

Methods. The fractions were analyzed by RIA with S253 antisenim, and the FMRFamide immunoreactivity
has been plotted against time. The peaks eluting in the positions of FMRFamide and FLRFa (indicated

with arrows) inhibited 76 and 44% of specific binding in the assay, corresponding to 1.32 and 0.096 nmoles,

respectively. (B) The fractions from the HPLC in A were analyzed by radioreceptor assay with squid optic

lobe membranes and ['

25
I]-daYFnLRFa, and the FMRFamide receptor-reactivity has been plotted against

time. The peaks eluting in the positions of FMRFamide and FLRFamide inhibited 82 and 54% of specific

binding in the assay, corresponding to 1.65 and 0.14 nmoles. respectively. (C) A squid optic lobe was heated

to 95C for 10 min in 0.1 At NaOH. The mixture was spun in an Eppendorf centrifuge at 14.000 rpm, and

0.3 pi of the supernatant was used for PCR with the pnmers and conditions described in the Methods. The

sequence of one of the cloned PCR products is shown.
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plots and the Hill coefficients less than unity, and would

also be consistent with the sub-nM IC50s measured at low

radioligand concentrations (conditions under which the

highest affinity binding sites are primarily detected). At

higher radioligand concentrations, as in the Scatchard

analyses, the lower affinity sites are occupied and con-

tribute to the observed values of specific binding. Since

the membrane-bound receptor shows no sign of hetero-

geneity, it seems clear that solubilization is responsible

for producing it. In that case, the optimal recovery of high

affinity FMRFamide receptors from SQM will require the

development of protective conditions to preserve high af-

finity binding. Once optimal conditions are achieved, the

high affinity, specificity, and abundance of FMRFamide

receptors in squid optic lobe suggest it is an ideal source

from which to purify the receptors.

FMRFamide-like peptides in squid

We have clearly shown that FMRFamide and related

peptides are present in squid optic lobe. First. HPLC peaks

of FMRFamide-like reactivity that elute with synthetic

FMRFamide and FLRFa have been detected both with

a specific RIA and with a specific radioligand receptor

assay. The concordance of these parallel assays already

suggests strongly that squid optic lobes contain authentic

FMRFamide and FLRFa. This conclusion is further rein-

forced by our detection, in genomic DNA prepared from

optic lobe, of a gene encoding the FMRFamide precursor

protein. Unidentified peaks of FMRFamide reactivity

were also detected. One of these, eluting between

FMRFamide and FLRFa, contained material that binds

to both the FMRFamide antiserum and the receptor: later-

eluting peaks from acetone extracts were also detected,

but only by their immunoreactivity. Thus, other

FMRFamide-like peptides probably occur in squid optic

lobe. These findings are consistent with the notion, based

on numerous observations, that FMRFamide. FLRFam-
ide and various homologs, some A'-terminally extended,

occur in all molluscs (Price and Greenberg, 1989). More
to the point, however, Martin and Voigt (1987) have

identified FMRFamide, FLRFa, AFLRFa, and TFLRFa
in the optic lobe of an octopodid cephalopod. Octopus

vulgaris. Our identification of both FMRFamide-related

peptides and FMRFamide receptors in squid optic lobes

indicates that members of this peptide family function as

neurotransmitters in this part of the central nervous sys-

tem. Such a regulatory role for FMRFamide has been

described for the squid giant synapse (Cottrell el at.. 1 989),

but further studies will be required to elucidate the func-

tions of FMRFamide-like peptides in the optic lobe.
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Abstract. The neuronal cytoskeleton contains neuro-

filament proteins that serve as markers for nervous tissue

in many species across phyla. Antiserum generated to

mammalian neuronlaments was used for immunocyto-
chemical staining of tissues in the sea anemone Condy-
lactis gigantea (Cnidaria: Anthozoa). Specific staining,

visible at the light and electron microscope levels, was

found in the tissues of the tentacle. Proteins were extracted

from the tissues and soluhilized. SDS-polyacrylamide gel

electrophoresis and Western blotting revealed two bands

of MW r 156 kD and 74 kD that reacted with antiserum

generated to neuronlaments. The protein bands also

bound a monoclonal antibody shown to react with a

highly conserved epitope in many classes of intermediate

filaments. These data suggest that the neurons of this an-

thozoan contain neurofilament-like proteins with molec-

ular properties similar to those of mammalian neurons.

Introduction

Nervous systems probably evolved in animals related

to members of present-day cnidarians. The nervous sys-

tem in these primitive metazoans has been described as

consisting of diffuse nets of sensory, motor, and neurose-

cretory cells that provide c jnnections within the epithelial

layers (Bullock and Horridge, 1965).

Neuronal cells and processes contain a filamentous

framework that forms the cytoskeleton. Neuronlaments

(NFs). a class of structures that express a head-rod-tail

organization, belong to the family of intermediate fila-

Received 22 October 1993; accepted 2 August 1994.
*
Corresponding author's present address: Monell Chemical Senses

Center, 3500 Market St.. Philadelphia. PA 19104.

ments (IFs) and are major components of the neuronal

cytoskeleton (Wang ct al. 1985; Steinert and Roop, 1988).

The central helical rod domain has a hydrophobic back-

bone that causes aggregation of the subunits into coiled-

coil 10-nm filamentous structures; this domain also con-

tains an evolutionarily conserved region, a major feature

found in identified IF proteins (Pruss et al.. 1981; Geisler

and Weber, 1982; Hanukoglu and Fuchs, 1983; Steinert

et al.. 1983). Besides playing a central role in the structural

matrix of neurons, NFs are of particular interest because

they may be determining factors in the development of

the central nervous system.

The presence and location of these filaments have been

visualized by various methods, including histological

staining and immunocytochemistry (Phillips et al.. 1983;

Lasek et al.. 1985). NFs have been isolated from many
cell types (Cooke and Chase, 1971; Daniels and Huneeus,

1973; Brown et al., 1976) and a variety of species (Lasek

ei dl.. 1979; Moon et al.. 1981; Phillips et al.. 1983).

Mammalian neuronlaments are composed of three poly-

peptides (the "triplet" proteins), with molecular weights

of approximately 200 kD (NF-H), 160 kD (NF-M), and

70kD(NF-L)(Kaufmanntfa/., 1 984; Scott etai. 1985).

Some non-mammalian species have triplet proteins that

are homologous to those found in mammals. Others,

however, have only a single high molecular weight subunit

that is immunologically similar to both NF-H and NF-
M (Shaw et al.. 1984; Shaw, 1991). In invertebrates, neu-

rofilaments are even more variable than their vertebrate

counterparts (Eagles et al.. 1981: Shaw, 1991; Szaro et

al.. 1991; Way et al.. 1992).

The cytoskeletal components that form an early meta-

zoan nervous system, such as the one found in members
of the phylum Cnidaria, are not well-defined. We use im-

200
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munocytochemical techniques, as well as protein isola-

tion, light microscopy, and transmission electron mi-

croscopy (TEM), in our studies of the nervous system in

these lower organisms. In this investigation, we focused

on confirming the presence of neurofilament-like antigens

in the tissues of the subtropical sea anemone Condylactis

gigantea (Cnidaria: Anthozoa). Our studies suggest that

neurons of this anthozoan contain neurofilament-like

proteins with molecular properties similar to those of

higher species.

Materials and Methods

Animals

Specimens of Condylactis gigantea -were obtained from

a supplier in Los Angeles, California, and kept in aerated,

filtered, recirculating aquaria at 24C in natural seawater

from the Catalina Marine Science Center (Santa Catalina

Island, California). Animals acquired from local suppliers

in Philadelphia, Pennsylvania, were kept in aerated, fil-

tered artificial seawater. All animals were maintained on

a 12/12 photoperiod and fed Anemia nauplii, small pieces

of squid, or both three times a week. Water was changed
at two-week intervals.

Specimens were relaxed by immersion in seawater con-

taining succinylcholine chloride (67 ^g/ml, Sigma Chem-
ical Co., St. Louis, Missouri). The tentacles ofthese relaxed

animals were of about normal length, but the diameter

was somewhat smaller than normal. They were clamped
with a hemostat at the junction of the oral disk and ex-

cised.

Bodian silver stain

The Bodian silver stain method allows visualization of

neural tissue in many species (Bodian, 1936; Gambetti et

ai, 198 1 ). Bodian silver stain was applied to tissue sections

as described by Clark ( 198 1 ) and to SDS polyacrylamide

gels after electrophoresis of proteins as described by Gam-
betti et al. (1981).

Light microscopic immunocytochemistry

Excised tentacles were placed in 2% paraformaldehyde
in phosphate buffered saline (PBS; 0.1 M sodium phos-

phate buffer, 0.9% NaCl), pH 6.5, for 2 h at room tem-

perature and were postfixed in 2% paraformaldehyde in

PBS, pH 1 1 (Berod el al. 1981), for 8 h at 4C. Samples
were rinsed three times in PBS, pH 7.4, and cryoprotected

by immersion for 12 h each in 10, 20, and 30% sucrose

in PBS, pH 7.4, at 4C. Tissue was placed in Tissue-Tek

(Miles Inc., Elkhart, Indiana) and frozen in isopentane at

liquid nitrogen temperatures. Twenty micrometer sections

were made on a Microm 500 M Cryostat (Zeiss Inc.,

Thornwood, New York) at -20C and thaw-mounted on

slides.

Slides were placed in PBS for 20 min and endogenous

peroxidases were inactivated with 0.3% hydrogen peroxide

in PBS for 20 min. After being rinsed in three successive

15-min changes of PBS, the specimens were incubated

for 1 h in PBS containing 0.3% Triton X-100 and 10%

normal serum (Vector Laboratories, Burlingame, Cali-

fornia), then placed in primary antiserum [polyclonal

neurofilament 200 (NF 200, Chemicon International,

Temecula, California, and Sigma Chemical Co., St. Louis,

Missouri)] at a 1:20,000 dilution for 12 h at 4C. Three

15-min rinses in PBS were followed by incubation with

a biotinylated secondary antibody, several PBS rinses, and

incubation with a preformed avidin/biotinylated horse-

radish peroxidase complex (Vector Laboratories, Burlin-

game, California) following the manufacturer's instruc-

tions. Tissues were rinsed two successive times for 10-min

each in freshly made acetate/imidazole buffer (0.01 M
imidazole, 0.05 M sodium acetate, pH 7.4) and transferred

to a nickel chromagen [0.095 AI nickel (II) sulfate, 0.05%

DAB, 0.03% hydrogen peroxide] in acetate/imidazole

buffer to develop.

Control procedures included deletion of secondary an-

tibodies and replacement of the primary antiserum with

normal serum.

Electron microscopic immunocytochemistry

Portions of tentacles were placed in 4.0% paraformal-

dehyde/0.5% glutaraldehyde in 0.1 AI PBS. pH 6.5, for 1

h at room temperature and transferred to 4.0% parafor-

maldehyde/0.5%. glutaraldehyde, pH 1 1, for 8 h at 4C
before washing in PBS, pH 7.4, and dehydration in a

graded ethanol series. Samples were infiltrated and

embedded in EM-BED-812 (Electron Microscopy Sci-

ences, Ft. Washington, Pennsylvania) according to man-

ufacturer's directions. Silver to gold sections were placed

on nickel grids (Ted Pella Inc., Redding, California). Grids

were floated on small amounts of reagent at room tem-

perature as follows: ( 1 ) 1 h on 0. 1 AI PBS at pH 7.4; (2)

5 min on a saturated solution of sodium metaperiodate,

followed by 1 h on several changes of PBS; (3) 1 h on 10%

normal serum (Vector Laboratories, Burlingame. Cali-

fornia); (4) three successive 30-min rinses on PBS; and

(5) 2 h on antiserum to polyclonal NF 200 (Sigma Chem-
ical Co., St. Louis, Missouri). Grids were rinsed on three

successive changes of PBS and floated on a 1:40 dilution

of gold-conjugated IgG (Janssen Life Sciences Products,

Piscataway, New Jersey) for 1 h, followed by two succes-

sive 20-min distilled water rinses. Grids were postfixed

for 15 min on a drop of2% glutaraldehyde and poststained

in lead citrate and uranyl acetate, followed by two suc-

cessive 15-min rinses on distilled water. Specimens were
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examined and photographed i JEOL 100CXII electron

microscope (JEOL USA . Peabody, Massachusetts).

Controls consisted lacement of the primary anti-

serum with normal .11.

Isolation ofnci , : lament-like proteins

To demonstrate the existence of neurofilament-like

components in the sea anemone C. giganlea. we isolated

the constituent proteins. To minimize protein contami-

nation, food was withheld from anemones for three days

before extraction. Whole anemones were cleaned of debris

and weighed. Specimens were chilled for 1 5 min at -70C
before being quickly chopped into 1-cm 3

pieces and placed

in SEDTA (20 mJl/ Na-ACES buffer, pH 7.4. 0.3 M su-

crose, 2 mA/ EDTA) for 15 min with intermittent gentle

hand agitation to remove mucus. Minced tissue was

transferred to TME medium [10 mM tris(hydroxy-

methyD-aminomethane (Tris) HC1, 3 mAf MgCl2 , 2 mM
K2-ethylene glycol-bis(/3-aminoethyl e\her)-N,N,N',N'-

tetraacetic acid (EGTA), pH 8.2] and homogenized, with

the aid of a Teflon-glass homogenizer, in the presence of

protease inhibitors [10 jug/ml leupeptin, 76.8 nM apro-

tinin, 0.7 ^M pepstatin, 0.83 mM benzamide, 0.23 mM
phenylmethanesulfonyl fluoride (PMSF), and 1 mM io-

doacetamide] at 4C. The homogenate was centrifuged

at 9000 X g(SS34 rotor) for 2 h at 0C and the supernatant

(51) reserved. The pellet was successively washed four

times in ice cold TME with a brief centrifugation after

each wash at 9000 X g for 15 min at 0C. Because of the

difficulty encountered in solubilizing cytoskeletal com-

ponents in Triton X-100 in early experiments, all sub-

sequent procedures utilized sodium dodecyl sulfate (SDS).

Pelleted material was resuspended in TME containing 2%
SDS. homogenized in a Teflon-glass homogenizer, and

centrifuged at 9000 X g for 2 h at 0C. The supernatant

(52) was removed and stored at -70C. The pellet (P2)

was washed in TME and re-extracted in SDS. Any re-

maining insoluble material was removed by centrifugation

at 9000 X g for 2 h at 0C, and the supernatant (S3) was

stored at -70C. Protein content was determined by the

method of Bradford (1976).

Control proccJu, onsisted of extraction of rat brain

as described above.

Absorption ofthe neunil'.Ui; i->n-like extract

In several experiments, polyclonal NF 200 antibodies

were absorbed with the washed resuspension of neurofila-

ment-like protejn (S2, above) from which the SDS had

been removed (Suzuki and Terada, 1988) prior to use.

The preparation, consisting of the extract of neurofila-

ment-like proteins and the added antibodies, was placed

at 4C for 24 h with gentle stirring. The supernatant was

decanted after centrifugation at 9500 X g for 2 h at 0C
and was used for immunostaining.

SDS-polyacrylamide gel electrophoresis and Western

blotting

Proteins were electrophoresed in the presence of SDS
on 12.5% and 4/20% gradient gels by the method of

Laemmli (1970) and transferred to nitrocellulose sheets.

Western blotting was performed by the method of Towbin

et ul. (1979). In brief, blots were processed through in-

cubations with blocking solution (5% skim milk in 0.1 M
PBS/0. 1% Tween-20) for 12 h at 4C, and immunostained

with one of the following: ( 1 ) polyclonal anti-NF 200 at

a 1:150 dilution of a 9.87 mg/ml stock solution (Sigma

Chemical Co., St. Louis, Missouri); (2) monoclonal an-

tibody generated to mouse NF 200 (phosphorylated and

nonphosphorylated forms; Clone N52) at a 1:150 dilution

of the stock solution (Sigma Chemical Co., St. Louis,

Missouri): (3) monoclonal anti-microtubule-associated

protein-2 (anti-MAP-2) at a 1:2000 dilution of a 2 mg/
ml stock solution (clone AP20: Boehringer Mannheim

Corp., Indianapolis, Indiana): (4) monoclonal anti-tau

microtubule-associated protein (anti-tau) at a 1:100 di-

lution of the 1 mg/ml stock solution (clone Tau 1; Boeh-

ringer Mannheim Corp., Indianapolis, Indiana); or (5)

undiluted hybridoma supernatant to an anti-IFA antibody

(Antibody to Intermediate Filament Antigen; Pruss et al.,

1981 ) for 1 h at 4C. Incubation was followed by biotin-

ylated anti-rabbit or anti-mouse immunoglobulins and

an avidin-horseradish peroxidase complex (Vector Lab-

oratories, Burlingame, California) according to manufac-

turer's directions. Conjugates were visualized with a 4-

chloro-l-naphthol/peroxidase substrate system (Kirke-

gaard & Perry, Gaithersburg, Maryland).

Results

Bodian silver stain

The Bodian method was originally developed to stain

neural components and is known to stain NF proteins

specifically. Bodian silver stain was applied to tissue sec-

tions and to SDS polyacrylamide gels after electrophoresis.

Neither method produced a visible reaction product (not

shown).

Light microscopic immnnocytochemistry

Figure 1 shows a transverse section ofanemone tentacle

stained with polyclonal antiserum raised to NF 200. These

antibodies exhibit wide species cross-reactivity (Chemicon

International, Temecula. California, Sigma Chemical Co.,

St. Louis, Missouri). A large proportion of the nickel-

enhanced immunoreactive product was localized to an

area above the mesoglea known to contain a dense plexus
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Figure 1 . Light microscopy. Cross-section of a tentacle of Condylactis

gigantea showing specific nickel-enhanced immunostain with polyclonal

NF 200 antisera. The product is localized to an area above the muscle

layer and mesoglea that contains the neural plexus. Reaction product is

also seen in the gastrodermis. The scale bar is 10 ^m. E, epidermis; M,

mesoglea; G. gastrodermis.

of nerve cell bodies and processes (C. DellaCorte, C. Fu-

lenwider. D. Hessinger. and W.O. McClure. manuscript

in prep). Immunolocalization was also seen within the

gastrodermis, central to symbiotic zooxanthellae. Ab-

sorption of the antibodies with an extract of C. gigantea

neurofilament-like protein removed this reactivity. Re-

placement of the primary, specific antibody with normal

serum, or deletion of the secondary antibody, also elim-

inated the appearance of product.

Electron microscopic immunocytochemistry

Immunocytochemical localization within the tissues of

C. gigantea was examined further by electron microscopy.

With the chosen protocol, we were able to preserve an-

tigenicity. Cytoskeletal morphology could not be fully

maintained, however. Immunogold labeling was pre-

dominately localized within the processes of the neural

plexus (Fig. 2) above the layer of myocytes. Immunogold

labeling displayed the same relative pattern in all cellular

neural compartments considered. No appreciable number

of gold particles were observed over non-neural tissues.

The specificity of labeling was assessed with controls: sec-

tions adjacent to those immunolabeled with anti-NF 200

were reacted with normal serum. The control sections

lacked the labeling described above, or showed only ex-

tremely sparse and randomly scattered distribution ofgold

particles, demonstrating low background. These obser-

vations provide additional evidence that the immuno-
reactive material is located in the neurons of C. gigantea.

Gel electrophoresis and H 'estern blotting

To further demonstrate the existence of neurofilament-

like proteins in this species, we probed Western blots of

Triton-insoluble proteins with several specific immuno-

logical probes. Polyclonal NF 200 antiserum revealed two

bands of apparent molecular weights 156,000 and 74,000

daltons (Fig. 3). A similar pattern (not shown) was found

with a monoclonal antiserum known to react with an

epitope present on both the phosphorylated and non-

phosphorylated forms of the polypeptide in the tail do-

main of the NF-H subunit.

Western blots of Triton-insoluble material from C gi-

gantea were also probed with monoclonal antibodies to

the microtubule-associated proteins, anti-MAP2 (Fig. 4)

and anti-tau (Fig. 5), and with a monoclonal antibody

(anti-lFA: Pruss et ai, 1981) known to bind to most of

the defined major intermediate filament proteins. MAP2
isolated from rat brain consists oftwo major polypeptides

(MAP2a and MAP2b) of similar molecular weights, ap-

proximately 275 kD, although proteolysis can result in a

35 kD domain and a major 240 kD domain ( Vallee, 1 980).

Clear patterns of immunolabeling of the putative neu-

ronlament bands (i.e., 156,000 and 74.000 daltons) ex-

tracted from C. gigantea are evident in both blots probed

with antibodies to MAP2 (Fig. 4) and tau (Fig. 5), as are

the expected high molecular weight MAP2 protein band

and the multiple 55 kD to 62 kD tau bands (Cleveland

et at.. 1977a.b) present in the control tissues of the rat.

In a similar fashion, the anti-IFA Western blot revealed

two distinct bands of about 156 kD and 74 kD in the

extract from the tissues of the sea anemone (Fig. 6).

Discussion

The presence of neurofilament-like proteins in the sea

anemone Condylactis gigantea was investigated using

Figure 2. Transmission electron microscopy. Cross-section of a ten-

tacle showing immuno-gold labeling of anti-NF 200 localized within the

cytoplasm of the neural processes. Synaptic vesicles line a neuro-neuronal

synapse. Reaction product (arrowheads) is seen within the neuronal pro-

cesses. Magnification: 50.000X. M, muscle; D. desmocyte process.
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Figure 3. Western blotting. Proteins were separated on a 4/20%' gra-

dient gel and visualized with a polyclonal antibody directed against NF
200. Two bands of MW, 1 56 kD and 74 kD were specifically labeled in

the extract from the sea anemone Condylactis gigantea. Lane 1 : molecular

weight standards (MW,); Lane 2: anemone S2 fraction, 5.0 ^g protein

per lane; Lane 3: anemone S2 fraction, 9.5 ^g protein per lane; Lane 4:

anemone S2 fraction, 12.0 ^g protein per lane; Lane 5: anemone S2

fraction, 1 5.0 ng protein per lane.

homologous to those found in other organisms are present

in this species.

Immunological studies also reveal species-specific dif-

ferences in the number and the molecular weight of neu-

rofilament proteins. In birds and crocodilia, NF proteins

appear to be directly homologous to the neurofilament

triplet. Other reptiles express only a single high molecular

weight subunit immunologically related to both NF-H
and NF-M (Shaw et al, 1984; Shaw, 1991). Studies in

fish demonstrate between one and four (or more) major
subunits (Phillips et al.. 1983; Lasek et al., 1985; Dahl et

al., 1986). Neurofilaments in invertebrates, however, are

more variable than their vertebrate counterparts. Two high

molecular weight subunits, each about 160 kD, are found

in the marine fan worm Myxicola infundibulum (Eagles

et al., 1981 ). Squid contain neurofilament subunits of 60,

200, and 500 kD (Roslansky et al., 1980), although NF
proteins with approximate weights of 60, 70, and 220 kD
have recently been identified (Szaro et al., 1991; Way et

al., 1992). Aplysia neurofilaments have apparent molec-

ular weights of 60 kD and 65 kD. This nudibranch is the

200.0-

several methods, including Bodian stain which binds an

acidic, glutamate-rich region in the carboxy terminal of

NF-L, NF-M, and NF-H (Autilio-Gambetti et al.. 1981).

This staining technique, used to identify neurofilament

proteins in many species, did not produce positive results.

But other data gathered during our study suggest that

neurofilament-like proteins are present in C. gigantea.

A number of immunological studies have shown re-

gional phylogenetic conservation of neurofilament pro-

teins (Chiu et al.. 1980; Autilio-Gambetti et al., 1981;

Shaw et a/., 1984). Immunological staining of Western

blots of Triton-insoluble proteins from C. gigantea re-

vealed 156,000 and 74.000 dalton molecular weight bands

that correspond to those seen in published electrophoretic

profiles. Explaining the presence of a low molecular weight
band when using monoclonal and polyclonal antisera to

NF-H is problematic, however. Many polyclonal and

monoclonal antibodies reportedly recognize epitopes

shared by NF-H and NF-M (Lee et a/., 1987; Schmidt et

al.. 1987). Cross-reactivity between these subunits and
NF-L is less well-known, although there is a report of

simultaneous immunodetection of all three NF subunits

(Cochard and Paulin, 1984). The presence of these im-

munoreactive proteins suggests that polypeptide regions

97.4 -

68.0-

45.0-

18.4
-

14.3-

1 3456
Figure 4. Western blotting. Proteins were separated on a 4/20% gra-

dient gel and were immunoblotted with a monoclonal antibody generated

to MAP2. In the protein fraction from Condylactis gigantea. two bands

of approximate molecular weights 156 kD and 74 kD are found. Im-

munolocalization to protein fractions from control tissue show a large

molecular weight subunit. A smaller, low molecular weight subunit. which

may be due to proteolysis, is also present. Lane 1: molecular weight

standards (MW r ); Lane 2: rat brain cytosolic fraction (SI ), 15 ng protein

per lane; Lane 3: rat brain membrane fraction (S2), 15 ng protein per

lane; Lane 4: anemone SI fraction, 10 /ig protein per lane; Lane 5: ane-

mone S2 fraction, 9.4 /jg protein per lane; Lane 6: anemone S3 fraction,

10 ^g protein per lane.
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200.0

97.4

68.0

45.0

18.4

14.3
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Figure 5. Western blotting. Proteins were separated on a 12.5% gel

and bands visualized using monoclonal anti-tau antibody. Cross-reactivity

with proteins of MW, 1 56 kD and 74 kD extracted from Condylactis

gigantea is seen. Immunoblotting of protein fractions from control tissue

reveals a series of bands of MW r 55 kD to 62 kD. Lane 1: molecular

weight standards (MW t ); Lane 2: rat brain cytosolic fraction (SI). 15 Mg

protein per lane; Lane 3: rat brain membrane fraction (S2). 15 /jg protein

per lane: Lane 4: anemone SI fraction. 10 Mg protein per lane; Lane 5:

anemone S2 fraction. 9.4 ^g protein per lane; Lane 6: anemone S3 frac-

tion. 10 /jg protein per lane.

only species investigated to date that does not express a

subunit with a molecular weight greater than 100 kD and

whose NFs lack an affinity for Bodian stain (Lasek el ai,

1985). The presence of only two neurofilament-like pro-

teins in C. gigantea may be a reflection of species-speci-

ficity.

More evidence for the presence of neurofilament-like

epitopes was provided by absorption of the extract con-

taining the neurofilament-like proteins with neurofilament

antibodies and by immunoblotting with an antibody, anti-

IFA, known to recognize a common antigenic determi-

nant. In many species. anti-IFA has identified the presence

of intermediate filaments, although immunoreactivity was

not detected in the single species of Cnidaria investigated

by others (Pruss el ai. 1981: Bartnik et ai, 1985; Shaw,

1991). Our immunoblot results with anti-IFA, however,

suggest that C. gigantea does, in fact, contain the evolu-

tionarily highly conserved epitope. Recognition of this

sequence within the rod portion of the filament has. in

many cases, been used to identify intermediate filaments

(Shaw, 1991).

Microtubules are primary cytoskeletal elements that

form polymers with neurofilaments in the nerve cells of

many species (Wuerker and Palay, 1 969; Hirokawa, 1982).

These polymers contain a variety of microtubule-asso-

ciated proteins (MAPs), including MAP2 and the closely

related protein family, tau (Borisy et ai, 1975; Weingarten

et ai, 1975; Cleveland et ai, 1977a,b). Antibodies gen-

erated to MAP2 and tau cross-react with neurofilament

proteins (Kosik et ai, 1988; Shaw, 1991). Investigations

suggest similarities in sequence and the presence of heavily

phosphorylated regions as one explanation for the cross-

reactive properties. Tau from rat brain contains four in-

ternal repeats consisting of a "Lys-Ser-Pro-Val" motif in

the COOH-terminal domain similar to the numerous Lys-

Ser-Pro (KSP) repeats found in neurofilament (Kanai et

ai, 1989; Shaw. 1991. Sequences of MAP2 also demon-

strate carboxy-terminal repeats that are highly homolo-

gous to those found in tau (Lewis et ai, 1988). In addition,

some tau isoforms contain amino-terminus regions rich

in proline and charged amino acid residues (Goedert et

ai. 1991. The well-characterized Tau 1 antibody used in

this study recognizes an amino terminus epitope located

between Pro 1 89 and Gly 207. This sequence is suggested

to be similar to the carboxy-terminus of NF-M (Kosik et

ai, 1 988; Goedert et ai. 1991). The antibody is not known

to react, however, when Ser 199 and Ser 202 are phos-

phorylated (Riederer and Binder, 1994). The MAP2 an-
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Figure 6. Western blotting. Proteins were electrophoresed on a 12.5%

gel and reacted with anti-IFA, resulting in the visualization of two bands

of MWr 156 kD and 74 kD in the extract from Condylactis gigantea.

(A) Lane 1 : molecular weight standards (MWr ); Lane 2: rat brain cytosolic

fraction (SI), 1 5 Mg protein per lane; Lane 3: rat brain membrane fraction

(S2), 15 Mg protein per lane; (B) Lane 1: anemone S2 fraction, 9.4 ^g

protein per lane; Lane 2: molecular weight standards (MW r ).
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tibody, clone AP20, has only recently been mapped to a

carboxy terminus encompassing amino acids 997-1332

(L. Binder, pers. comm.). a region suggested to contain

sequences closely related to those found in NF-H, NF-M.

and tau proteins (Shaw, 1989). The presence of these con-

served regions suggests evolutionary relationships and may
account for the immunological similarity seen in a num-

ber of studies, including ours.

Considering the well-documented description of a dif-

fuse nerve net in cnidarians, we were surprised to find

little immunostaining throughout the epidermis and gas-

trodermis of the tentacle using anti-NF200. Most of the

reaction product was localized within an epidermal neural

plexus and, to a lesser extent, to components within the

gastrodermis. This pattern was reversed when tissues were

immunostained with a polyclonal antiserum generated to

NF 150 (C. DellaCorte, unpub. ob.). Selective reactivity

of the antisera (i.e.. immunodetection of specific subsets

of neural components) was not expected but may be the

result of several factors including cell size, cell type, pres-

ence or lack of post-translational modifications, or the

cross-reactivity of the antisera. Many regions in mam-
malian nervous systems show strong NF staining for some

neuronal cell types and partial or complete absence of

immunoreactivity in others. This is particularly true for

small neurons (Sharp el a!.. 1982; Trojanowski cl al.,

1986). In addition to other factors, the type and size of

cells in the nervous system of Condylactis gigantea may
affect the presence and the extent of immunoreactivity in

this invertebrate.

The present data suggest that neurons in this anthozoan

may contain proteins with molecular properties similar

to those of higher species. Although various assumptions

about these neurofilament-like proteins may be made, no

definitive conclusions can yet be drawn. Knowledge of

the primary structure of these early metazoan proteins

will provide insight into the functional constraints of pro-

tein sequences during evolution.
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Abstract. Specimens of the hydrothermal vent crab

Bythograea thermydron, collected from 13 N on the

East Pacific Rise, were exposed to pressures greater than

those in their natural habitat over a range of tempera-

tures to assess how increased hydrostatic pressure affects

a species that requires high pressure to survive. We
measured heart beat frequency and contraction wave-

form at pressures ranging from 28 MPa (normal envi-

ronmental pressure for this species) to 62 MPa at 5,
10. and 20C. At 5C, increased hydrostatic pressure

induced bradycardia or acardia in conjunction with

marked disruption of the ventricular contraction wave-

form. The animals did not survive following de-

compression. The effects of increased pressure were less

pronounced at 10C and almost negligible at 20C. Our
results support previous findings at subambient pres-

sures which suggest that the lipid bilayers of cell and

organelle membranes are the primary sites affected by
short-term pressure variation in deep-sea organisms. We
also found evidence of an adaptive mechanism of pres-

sure-temperature interaction in these animals from the

eurythermic h.; '"the hydrothermal vents.

Introduction

Hydrostatic pressure increases by one atmosphere

(101.3 kPa) for each 10 m of depth in the ocean; thus,

organisms living at greater depths experience greater

pressures (Saunders and Fofonoff, 1976). Elevated pres-

sures have been shown to have a variety of effects on

Received 7 December 1993; accepted 18 July 1994.

* Present address: Laboratory of Molecular Signalling, Department

of Zoology, University of Cambridge, Downing Street, Cambridge CB2

3EJ, UK.

biological systems, with the primary loci for effects being

enzyme and membrane systems (Macdonald and Miller,

1976; Wann and Macdonald, 1980; Siebenaller and So-

mero, 1989; Somero, 1992). At the enzymatic level,

pressure exerts an inhibitory effect when there is a volume

increase associated with substrate binding or catalytic

activity (Siebenaller and Somero, 1989; Somero, 1992).

In membranes, the structure of the membrane is altered

by the greater compressibility of lipid as compared to

water and other membrane components (Macdonald and

Miller, 1976).

Both enzyme and membrane adaptations have been

found in deep-sea organisms. The enzymatic adapta-

tions involve a reduction in the volume change that

occurs in the enzymes of deep-sea organisms during

catalysis. As a result, enzyme-substrate affinity and

other catalytic properties of the enzymes of deeper-liv-

ing species are more independent of pressure (Sieben-

aller and Somero, 1989; Somero, 1992). At the mem-
brane level, the adaptations involve a shift in membrane

lipid composition with increasing depth. This shift

maintains optimal fluidity (homeoviscous adaptation)

in the face of increasing pressure, which would tend to

order the membrane lipids (Cossins and Macdonald,

1984. 1986, 1989; Cossins and Sinensky, 1986). The

effects of homeoviscous adaptation are expected to be

especially prominent in excitable tissues and. unlike

those of enzymatic adaptation, to show profound in-

teraction with temperature: lower temperatures ame-

liorate the effects of lower pressures and higher tem-

peratures ameliorate the effects of higher pressures

through their opposite effects on the fluidity of mem-
brane lipids (Cossins and Macdonald, 1989). In addi-

208
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lion, one would not expect homeoviscous adaptation

to reduce the sensitivity to pressure, as is the case for

enzymatic adaptations, but rather to shift the tolerated

range of pressure in the same way that it does in tem-

perature adaptation (Sinensky, 1974). There is some

indication that the membranes of fishes living at

depths greater than 2500 m have reduced compressi-

bility (Behan ct at.. 1992). Along with reducing the ef-

fects of pressure variation on membrane function, this

adaptation would preserve the activity of membrane-

associated enzymes which are critically dependent

on the physical state of the membrane (Gibbs and

Somero. 1989).

Although it is clear from the work cited above that

both enzyme and membrane adaptations are found in

deep-sea organisms, the evaluation of their relative im-

portance must come from studies of the functioning of

deep-sea animals. Much work on hydrostatic pressure

effects has been concerned with the effects of elevated

pressures on organisms that normally live at 1 atm.

Other pressure studies have been concerned with species

of fishes and crustaceans that live at depths of about

1000 m and have typically demonstrated mild responses

to reduced pressure in conjunction with somewhat

greater tolerance of elevated pressures (Belman and

Gordon. 1979: Quetin and Childress, 1980). Recent

studies that used pressure traps to recover specimens

demonstrated that species living below 2000 m are de-

pendent on elevated pressures (Macdonald and Gil-

christ. 1980. 1982: Yayanos, 1981). Animals living at

depths of about 2500 m around hydrothermal vents on

the Galapagos Rift also require high pressure for long-

term survival, although many can survive decompres-

sion to 1 atm if this is soon followed by recompression

(Arp and Childress. 1981; Mickel and Childress.

1982a,b; Arp ct a!.. 1984). These animals are also

uniquely suited to studies of pressure-temperature in-

teractions because, unlike other deep-sea animals, they

experience wide natural temperature ranges. Mickel and

Childress ( 1 982a) have demonstrated that when the vent

crab Bythogrui'ti thcrmydron is exposed to pressures

substantially lower than those of its natural habitat,

heart rate is reduced and the EKG wave form becomes

irregular. Furthermore, the onset of these effects was at

higher pressures at higher temperatures and at lower

pressures at lower temperatures, a result which the au-

thors interpreted as evidence that membrane lipid

properties are important in determining the pressure

sensitivity of this species. This study did not, however,

test for the effects of superambient pressures on this

species, and no other such studies have been conducted

on any deep-sea animal. The purpose of the present

study was twofold: first, to determine at what pressures

an elevation in pressure affects the functioning of a

deep-sea animal that requires high pressure for survival:

second, to examine the interactive effects of these ele-

vated pressures with temperature.

Materials and Methods

Collection and maintenance

Baited traps deployed and retrieved by the Deep Sub-

mergence Vehicle Alvin were used to collect specimens

of B. thermydron, of either sex, from the hydrothermal

vent field at 13 N on the East Pacific Rise. Crabs were

brought to the surface in insulated containers that kept

temperature, but not pressure, relatively constant. Once

at the surface, crabs were examined to obtain demographic

data, then placed in steel vessels that were maintained at

a pressure of 2 1 MPa (204 atm) and supplied with flowing

seawater at approximately 8C. Under such conditions,

survival for more than 18 months has been reported

(Mickel and Childress. 1982a).

Animal preparation

In preparation for experimental use. crabs were slowly

depressurized, removed from the maintenance vessel, and

transferred to a shallow glass container filled with ice-cold

seawater. Instrumentation of the animals for impedance

pneumography was accomplished as quickly as possible

to minimize disturbance and hypobaric trauma.

To measure heart beat frequency, holes were drilled in

the dorsal carapace on either side of the heart and two

fine silver wires were inserted so that their ends just pen-

etrated the pericardia! sinus. To prevent bleeding and hold

the wires in position, dental dam was placed over the

wires and holes and fixed to the carapace with cyano-

acrylate cement. Changes in impedance associated with

ventricular contraction were detected by an impedance

converter (UFI, model 2991) and recorded on a Gould

two-channel pen recorder.

Although not reported as a part of this study, the fre-

quency of scaphognathite beating was recorded as an in-

dicator of the physiological state of the animals. Two

impedance pneumography electrodes were affixed inside

the exhalant channel of the right branchial chamber and

impedance changes caused by movement of the scaphog-

nathite were recorded as above.

Following preparation, crabs were placed without ad-

ditional restraint in a 6-1 stainless steel vessel (Autoclave

Engineers) filled with aerated, filtered seawater. Experi-

mental temperatures were maintained inside the pressure

vessel by a water-jacket surrounding the chamber. A hand

pump (Enerpac) connected via Hastelloy C tubing and

Autoclave Engineers fittings was used to pressurize the

vessel to 28 MPa (272 atm); pressure was monitored using

a gauge on the pump. The entire system was rated to 69

MPa (680 atm) working pressure with a 4: 1 safety factor.



C. N. AIRRIESS AND J. J. CHILDRESS

Animals were allowed to recover at normal environ-

mental pressure until the '-..-art beat frequency stabilized

and the scaphognathin .;egan to alternate between pe-

riods of continuou .nig and inactivity in the fashion

typical of nonstrc:>..:J decapod crustaceans (McMahon
and Wilkens, 1972). Animals that did not regain typical,

stable readings of heart and scaphognathite activity

within 2 h of instrumentation were not used in subse-

quent experiments.

Experimental protocol

Once the crabs appeared to have recovered, the chart

speed was increased to allow resolution of individual con-

tractions of the ventricle. Heart beat frequency was ob-

tained by counting the waveform peaks over a 30-s period.

Ventricular contraction pattern was quantified by cal-

culating the standard deviation of 10 successive interbeat

intervals. Immediately after this control recording, the

pressure inside the experimental chamber was increased

from 28 to 31 MPa. The animals were allowed 10 min to

adjust, then the chart speed was increased for determi-

nation of ventricular contraction frequency and pattern

before the pressure was raised to 34 MPa. This protocol

continued, with pressure increasing in 3-MPa steps, until

the maximum pressure tested (62 MPa) was reached. After

30 min, the vessel pressure was gradually lowered to 28

MPa. Data were obtained 30 min after return to the orig-

inal pressure, and the chamber was subsequently depres-

surized for removal of the crabs.

The effects of pressure and temperature on heart beat

frequency and contraction pattern were estimated using

analysis of variance with repeated measures (ANOVAR).
ANOVARs significant at the 0.05 level were further an-

alyzed using Tukey's HSD multiple-comparison test. In

addition, Spearman rank correlation was used to deter-

mine the relationship between pressure and heart beat

frequency at each temperature. All values are reported as

the mean 1 SEM.

Results

Contraction freq\

The control heai , frequency of crabs allowed to

recover from the instrum .lation procedure was positively

correlated with experiniL , \\ temperature (rs
= 0.937,

= 15, P < 0.01). The relationship between temperature
and contraction frequency did not, however, remain con-

stant as pressure within the experimental chamber in-

creased (Fig. 1).

At 5C, heart rate dropped 92% from its control value

at 28 MPa to 3.3 1.3 min" 1

after 10 min at 62 MPa
(Fig. 1 ). The negative correlation between contraction

frequency and pressure was highly significant (i\
= -0.940,

120

100
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o" 60

0- 40
i.
u.
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Figure 1. The effect of altered pressure on heart beat frequency in

Bythograea ihermydron at three temperatures. For comparison, the data

of Mickel and Childress ( 1982a; open symbols) are presented along with

those from the present study (solid symbols). The middle curve from

the former study was obtained from experiments conducted at 12 rather

than 10C. At 5C () the rate fell almost linearly to its minimum value

as pressure was increased; however, contraction frequency was maintained

until the pressure reached about 52 MPa in crabs tested at 10C (A).

The heart rate of crabs tested at 20C (V) also remained constant at

pressures below 52 MPa. but then declined less severely than in 10C
crabs. Generally, the decline in heart rate brought about by hypobaric

exposure was ameliorated by lower temperatures, whereas high temper-

atures buffered the effects of hyperbaric exposure. Although the crabs

used in these two studies were obtained from sites thousands of miles

apart and the experimental techniques varied somewhat in detail, ex-

cellent agreement of the normobaric data supports the validity of com-

bining the data sets. Spearman rank correlation coefficients (r,) for heart

rate and pressure (data from the present study) were calculated as: r,

-0.940, n = 60, P < 0.01 at 5C; rs
= -0.923, n = 30, P < 0.01 at

10C; rs
= -0.706, n = 60. P < 0.01 at 20C. Normal environmental

pressure is about 28 MPa for this species. Data shown as mean I SEM.

n = 60, P < 0.01). Heart beat frequency was significantly

different from the control value at all pressures greater

than 41 MPa at this temperature (F = 72.05, P < 0.01).

Following 30 min of recovery at 28 MPa, heart rate was

still markedly different from the pre-exposure value (P

< 0.01; Table I).

The heart beat frequency of crabs tested at 10C fell

from 60.7 4.8 to 3.0 1.5 min" 1

over the same pressure

range as above (Fig. 1 ). The correlation between pressure

and heart rate (rs
= -0.923, n = 30, P < 0.01 ) was also

significant, but the difference between control and ex-

perimental contraction frequencies was significant only

at pressures greater than 52 MPa (F = 32.76, P < 0.05).

The bradycardia continued immediately after the return

to normal environmental pressure (P < 0.05), but after

30 min of recovery the heart rate had rebounded and
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Table I

Heart rale <>/ Bythograea thermydron before ami after hyperbaric

exposure (62 MPa) at three temperatures

/H(min ')

Temperature (C) Control Recovery

5(6)

10(3)

20(6)

40.5 0.8

60.7 4.8

92.2 5.5

15.2 4.0*

43.3 13.0

104.2 9.6

Crabs were allowed 30 min after return to normal pressure before the

recovery values were obtained. Values are shown as the mean 1 SEM;

sample size in parentheses.
* Value significantly different from control (P < 0.01. ANOVAR).

was not significantly different from the control value

(Table I).

At 20C, the change in heart rate with increasing pres-

sure was much less dramatic than at the lower tempera-

tures. The rate decreased only 49%, reaching a minimum
of 47.3 5.9 min" 1

at 62 MPa (Fig. 1). There was a

significant correlation between heart beat frequency and

pressure (rs
= -0.706, n = 60, P < 0.01), but significant

changes from the control rate occurred only above 55

MPa (F = 20.38, P < 0.01 ). As soon as the pressure was

lowered, heart beat frequency rebounded above pre-ex-

posure values and remained elevated for at least 30 min

(Table I).

Contraction pattern

The relationship between ventricular contraction pat-

tern and experimental pressure was also dependent on

temperature. Generally, the systolic spikes became less

defined and the interbeat interval tended to vary more as

pressure was increased. These effects were more pro-

nounced at lower temperatures (Figs. 2, 3). Crabs tested

at 5C showed increased variability in ventricular con-

traction waveform at pressures as low as 34 MPa; vari-

ability continued to increase until about 55 MPa, when

ventricular contractions became extremely sporadic or

ceased. At 62 MPa. the standard deviation of the interbeat

intervals increased significantly compared to the control

value (F = 20.14, P < 0.01; Fig. 3). Following return to

normal environmental pressure there was little increase

in the uniformity of ventricular contraction and all

crabs died within 1 h of decompression, suggesting that

the effects of hyperbaric exposure are irreversible at this

temperature.

At 10C. the ventricular contraction pattern began to

degenerate at pressures above 41 MPa (Fig. 2). The higher

chart speed used at this temperature allows resolution of

biphasic contraction peaks and ventricular fibrillation at

pressures of 55 and 62 MPa, respectively. Variability of

the interbeat interval also increased significantly (F
= 17.54, P< 0.01 (compared to the 28 MPa control (Fig.

3). After 30 min of recovery at 28 MPa, the ventricular

contraction pattern became much more regular, although

a diastolic notch not present in the control recording be-

came evident (Fig. 2), and the standard deviation of the

interbeat intervals was markedly reduced (Fig. 3). Crabs

in this group were returned to normobaric holding vessels,

but all died within 24 h of experimental use.

Above 55 MPa the interbeat interval of crabs tested at

20C became increasingly variable (Fig. 3) and there was

evidence of a systolic plateau in some animals (Fig. 2).

However, all animals examined at this temperature

maintained organized cardiac activity, and they regained

their initial ventricular contraction pattern as soon as they

were returned to normal environmental pressure. All an-

imals in this group survived, apparently healthy, for at

least 48 h after experimental use.

Discussion

During preparation at ambient sea-level pressure the

crabs appeared healthy and responsive, although all

showed the marked lack of coordination typical of this

species when depressurized (Mickel and Childress. 1982a).

Tolerance of repeated decompression for extended periods

and survival at sea level at 5C for up to 5 days have also

been reported (Mickel and Childress, 1982a), suggesting

that the short hypobaric exposure required for instru-

mentation of the crabs did not irreversibly affect their

physiological state.

The relationship between temperature and heart beat

frequency at the normal environmental pressure for B.

thermydron is directly comparable to that observed in

shallow-living invertebrates (deFur and Mangum, 1979).

At higher pressures this relationship changed markedly,

with heart rate first becoming more, then less dependent

on temperature in the 5 to 10C range. Between 10 and

20C, the dependency of heart beat frequency on tem-

perature remained more or less constant over the entire

pressure range.

The effect of high hydrostatic pressure on membrane

lipids is to decrease fluidity by increasing the order of the

hydrophobic acyl chains within the membrane (Wann
and Macdonald, 1980; Somero, 1992). This packing of

the acyl chains may both change the ion permeability of

the membrane and limit the diffusion of membrane pro-

teins (Cossins and Macdonald, 1989). In addition, fusion

of neurotransmitter vesicles with the postsynaptic terminal

of nerve fibers may be disrupted (Wann and Macdonald.

1980). leading to failure of postsynaptic activation (see

below). The combined tendencies oflow temperature and

high pressure to order membrane lipids may be countered
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Figure 2. Chart records showing ventricular contraction in three individual Bylhograea thermydron

dunng progressive hyperbanc exposure at 5, 10. and 20C. The 28 MPa records at the bottom of the

illustration were obtained following 30 min of recovery at normal environmental pressure for this species.

At 5C, the contraction waveform became less distinct and interbeat variability increased with higher pressure.

Total acardia occurred at pressures higher than 55 MPa. and contractions remained disorganized following

return to normal pressure. Hyperbanc exposure was better tolerated in crabs tested at 10C, but extra systolic

spikes and ventricular fibrillation were evident at higher pressures. Recovery was more complete at this

temperature than at 5C, although the contraction frequency remained depressed. Compared to the other

two experimental temperatures, the effects of increased pressure on contraction frequency and waveform at

20C were minimal. After 30 min of recovery, the contraction pattern had returned to normal and the heart

rate had rebounded above control values.

within the lifetime of an organism by increasing the ratio

of unsaturated to saturated fatty acids composing the

membrane bilayer(Cossins and Macdonald, 1989). In or-

ganisms lr ;ng in the high pressure-high temperature en-

vironment o 'he hydrothermal vents, the effects of high

pressure on ; hrane fluidity may be partially compen-
sated, requiri>: 'ver proportion of unsaturated mem-
brane constitUL 'neve optimal membrane viscosity.

The beat of th<_ ^an heart is neurogenic (Alex-

androwicz, 1932), gc;-i d by burst discharges from the

cardiac ganglion (CG) o, ts inner dorsal wall. The striated

muscle of the myocardium is polyneuronally and poly-

synaptically innervated by processes from the large motor

neurones of the CG (Alexandrowicz. 1932). This inner-

vation, along with tight electrotonic coupling between in-

dividual muscle fibers, ensures rapid spread of excitation

throughout the myocardium, resulting in strong, coor-

dinated contraction of the ventricle with each burst from

the CG (Kuramoto and Kuwasawa, 1980). The amplitude

and duration of spontaneous burst discharges from these

motoneurons may be modulated by output from the small

pacemaker cells at the posterior of the ganglion (Hartline,

1967), although it has been suggested that fine control of

burst characteristics is achieved by interaction between

the large and small CG cells (Sullivan and Miller, 1984).

In the gastropod Helix, increased hydrostatic pressure re-

duces the firing rate of postsynaptic cells (Wann et al.,

1979), possibly due to a reduction in excitatory junctional

potential (ejp) amplitude arising from decreased neuro-

transmitter release at higher pressures. Although pace-

maker cell burst frequencies may increase in response to

increased pressure (Wann and Macdonald, 1980), there

are several potential sites for postsynaptic failure between

the pacemaker cells of the crustacean CG and the myo-
cardium.

Mickel and Childress ( 1982a) showed that both the re-

duction in heart beat frequency and the degeneration of

EKG organization brought about by decreasing pressure
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Figure 3. Average standard deviation of the intervals between 10

successive contractions of the ventricle ofBythograea thermydron before,

during, and after hyperbaric exposure at 5, 10. and 20C. Interbeat

variability increased markedly in crabs exposed to 62 MPa pressure at

both 5 and 10C (F = 20.14. P < 0.01 and F = 17.54. P < 0.01,

respectively): however, variability remained much higher after return to

normal pressure in crabs tested at the lower temperature. The interbeat

interval also increased significantly in response to hyperbaric exposure

at 20C (F = 8.42, P< 0.01 ). although the change was much less dramatic

and recovery more complete than at 5 or 10C. Error bars represent 1

SEM.

were less pronounced at lower temperatures. The change
in heart rate accompanying decompression was, in fact,

negligible at 5C (Mickel and Childress, 1982a; Fig. 1).

In contrast, the present study clearly demonstrates that

higher temperatures reduce the severity of bradycardia

resulting from hyperbaric exposure as well as limit the

associated disorganization of the contraction waveform.

If the primary effects of pressure variation on cardiac

function were enzymatically mediated, then one would

expect that temperature changes would have comparable

effects on cardiac function under both hypo- and hyper-

baric conditions. Conversely, if the system affected by

pressure challenge is lipid-based. then a decrease in pres-

sure (which decreases the viscosity of phospholipid mem-

branes) would be compensated by a temperature reduction

(causing an increase in membrane viscosity), whereas in-

creased pressure would be counteracted by a temperature

increase. The latter type of pressure-temperature inter-

action has now been shown to occur in response to both

hypo- and hyperbaric exposure in B. thermydron, impli-

cating a homeoviscous mechanism in which phospholipid

membrane fluidity is affected by external pressure distur-

bance. Superfluous ventricular contraction spikes and

prolonged plateaus suggest that disturbed membrane

transport leads to the failure of neurotransmitter release

and (or) myocardial excitation in the neuromuscular sys-

tem of the heart.

The failure of crabs subjected to a pressure of 62 MPa
at 5C to recover fully from treatment suggests that dis-

ruption of the phospholipid membranes at this pressure-

temperature combination is so complete as to be irre-

versible. The slower rate of recovery of crabs tested at

10C and the complete recovery of animals in the 20C
group indicates that the higher temperatures precluded

complete disruption of the membrane systems and further

supports the involvement of membrane properties rather

than enzyme kinetics in the observed cardiac responses

to changes in pressure.

Shedding of proteins from cell membranes begins at

pressures above 30 MPa (Deckmann el ai, 1985), and is

another possible explanation for the irreversible effects of

hyperbaric exposure observed in B. thermydron. Substan-

tial release of integral membrane proteins occurs only at

much higher pressures (about 100 MPa), however, and

protein release is enhanced by higher temperatures

(Deckmann et a!.. 1985). These findings are in contrast

to the present data, which show more deleterious effects

of increased pressure at lower temperatures.

Despite the changes in heart beat frequency and ven-

tricular contraction pattern associated with pressure vari-

ation in B thermydron, this species shows remarkable

tolerance toward pressure changes at all temperatures

tested. At 5C. the lowest temperature used in the present

study, there were no significant differences in heart rate

and no obvious changes in contraction pattern at pressures

up to 41 MPa. Previous results from the same species at

5C showed no significant pressure effect on heart rate

between 0.1 and 34 MPa and disruption of the EKG
waveform only at pressures less than 6.9 MPa (Mickel

and Childress, 1982a), giving B. thermydron a tolerable

pressure range of 6.9 to 41 MPa for apparently normal

physiological function. At the higher temperatures tested,

the pressure range for stable cardiac function is shifted

toward higher pressures, but the magnitude ofthe tolerable

range remains similar. The tolerance of B. thermydron
for such broad ranges of pressure at any temperature im-

plicates adaptations that decrease membrane compressi-

bility and is consistent with both the prediction of Gibbs

and Somero (1989) and the findings of Behan et al. (1992)

that species found at greater depths show greater com-

pensation for the effects of pressure. A reduction in mem-
brane compressibility compared with shallower-living

species would preserve the integrity and function of cell

membranes and their associated proteins, making this

deep-sea crab less susceptible to the deleterious effects of

changes in environmental pressure.
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Localization of the Chloroperoxidase of the Capitellid
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Abstract. Antisera against the two constituent proteins

of the chloroperoxidase enzyme of the capitellid poly-

chaete \otomastus lobatus were used to identify and

localize these polypeptides by immunoblotting and indi-

rect immunotluorescence. Immunofluorescence staining

showed the enzyme to be localized primarily in tissues of

the tail region of the worm. Some reactivity was also ob-

served in the epidermis of the mid-body, but none was

seen in the head region. These immunofluorescence results

were supported by immunoblotting experiments, which

also showed that chloroperoxidase holoenzyme is localized

in the tail. Immunological results were substantiated by
the distribution ofenzyme activity and the //; vivo products

of the chloroperoxidase. 4-bromophenol. 2.4-dibromo-

phenol. and 2.4.6-tribromophenol. Chloroperoxidase is

the principal enzyme involved in the production of bro-

moaromatics in A', lobatus. Localization of most of this

enzyme in the tail region explains the detection of high

levels of bromophenols in the tail, the most exposed por-

tion of this head-down, deposit-feeding worm. This pat-

tern of bromoaromatic distribution is consistent with the

hypothesis that the worms produce these compounds as

defensive chemicals against epifaunal predators.

Introduction

A variety of sediment-dwelling, soft-bodied marine in-

vertebrates, including hemichordates and polychaetes,

contain high levels of volatile brominated compounds,
such as bromophenols. bromopyrroles. and bromoben-
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*Author to whom correspondence should be addressed.

Abbreviations: PBS. phosphate buffered saline; GC. gas chromatog-

raphy.

zylalcohols (Woodin el a!.. 1987; Woodin. 1991). These

brominated compounds are also released by the worms
into the sediments surrounding their burrows (King. 1 986;

Woodin el al. 1987; Steward el a/.. 1992). Many marine

sediments support significant populations of infaunal

worm species that produce volatile, malodorous, bromi-

nated aromatic compounds. Examples of such popula-

tions include the terebellid polychaete Lanice conchileca

in the North Sea (Buhr. 1976; Weber and Ernst. 1978)

and the hemichordate Balanoglossus in the southeastern

United States (Peterson and Peterson, 1979).

High concentrations of bromophenols are found in the

capitellid polychaete Notomastus lobatus, which is a head-

down, sediment deposit feeder. Bromophenols can be

produced through the activity of bromo- or chloroperox-

idases; Ahern el al. (1980) had previously detected bro-

moperoxidase activity in the terebellid polychaete The-

lepus setosus. Chen el al. (1991) purified and characterized

a chloroperoxidase from N. lobatus and found that this

enzyme has several unique properties. It is composed of

two dissociable protein components, a flavoprotein and

a heme protein, which associate in a 1:1 molar ratio to

form holoenzyme. The flavoprotein is composed of four

identical subunits (alpha) and contains flavin adenine di-

nucleotide (Chen el a/.. 1991). The heme protein is a tet-

ramer composed of two copies each of two nonidentical

subunits (beta and gamma) and contains 1 mol of ferri-

heme per mol of protein. The A', lobatus chloroperoxidase

thus has a subunit structure of 4|t?:72- Neither the fla-

voprotein nor the heme protein moiety alone has detect-

able chloroperoxidase activity, but they readily associate

to form fully active enzyme. The chloroperoxidase of A'.

lobatus is capable of oxidizing Cl~, Br , and I~. It is the

first haloperoxidase to be purified to homogeneity from

a marine worm and the first haloperoxidase ever found

215
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to contain flavin. The enzyme can halogenate a wide va-

riety of aromatic compounds and is the only detectable

halogenating enzyme in N. lobatus. The enzyme is very

abundant, constituting approximately 2% of soluble pro-

tein in N. lobatus crude extract. Using phenol and sodium

bromide as substrates, it produces 4-bromophenol, 2,4-

dibromophenol, and 2,4,6-tribromophenol, the com-

pounds found in A', lobatus (Chen et ai, 1991 ). It is clear

that this chloroperoxidase is responsible for the production

of bromophenols in N. lobatus and that production of

these toxic compounds is likely to be significant in both

the ecology and physiology of this animal.

In a variety of terrestrial and marine plants as well as

such sessile marine organisms as coelenterates and

sponges, noxious compounds have been shown to have

utility as antipredator and antifouling agents (Hay and

Fenical, 1988). In at least some cases, these compounds
show distinctive patterns of localization for example, in

sponge, in spherulous cells near excurrent canals

(Thompson et a!., 1983); and in red alga, in outer cortical

cells and trichoblast cells (Young et ai, 1980). In most,

but not all cases (see Hashimoto et al. 1991), the com-

pounds have some autotoxicity properties and thus are

encapsulated within vesicles apparently at the point of

synthesis in the organism (Thompson et al., 1983). King

(1986) has hypothesized that compounds such as those

produced by Notomastus lobatus are antimicrobial agents

and act to reduce bacterial populations in the burrow lin-

ing. To be consistent with this hypothesis, the enzyme
and its products should be localized in the epidermis over

the entire body of the worm. In contrast, Woodin et al.

(1987) suggested that these compounds are primarily an-

tipredator compounds. For this hypothesis, the enzyme
and its products are expected to be concentrated in the

tail, which is the portion of the organism most exposed

to surface predators (Powell, 1977). In this study, we used

a combination of techniques, including immunohisto-

chemistry and assays of enzyme identity and activity, to

determine the distribution of the chloroperoxidase and

its products in N. lobatus. This localization study com-

plements a mi ire direct test of the antipredator hypothesis;

results of that lest will be published elsewhere. The prod-

ucts of enzyn Ocularly toxic and autotoxic com-

pounds such as the , can have several simultaneous ef-

fects. Knowledge ot iocai. /ation and activity ofthe enzyme
can help to discriminate among these, particularly in this

case where the enzyme represents such a large percentage

of the animal's soluble protein (2%).

Materials and Methods

Specimens of Notomastus lobatus were collected at low

tide from Debidue flat, in the North Inlet estuary

(Georgetown, South Carolina, USA, 3320' N, 79 10' W).

The worms were removed from the sediment and washed

in seawater to remove external sediment. Three body re-

gions were clearly visible from external features: the head,

which lacked branchiae and was seemingly quite mus-

cular; the mid-body, which had branchiae and was much
less rigid; and the tail, which lacked branchiae and was

sticky, translucent, and quite glandular in appearance.

Intact worms were treated differently depending upon
their planned use. Those to be used for immunochemistry
were cut with a razor blade into 1-cm lengths of head,

mid-body, and tail regions. Segments adjacent to the

junctions between body regions were discarded. Each

length was immediately placed into 10 volumes of Car-

noy's fixative (95% absolute ethanol + 5% glacial acetic

acid) on ice in the field and transported on ice to the

University of South Carolina main campus. In the labo-

ratory, the fixed body portions were transferred to - 10C
and maintained for two days. Worms used for measure-

ment of enzyme activity, quantification of enzyme, or

extraction of enzyme were cut into head, mid-body, and

tail regions, immediately frozen on dry ice, and trans-

ported on dry ice to the University of South Carolina

main campus. In the laboratory, the worms were trans-

ferred to -70C until used. Chen et al. (1991) found that

N. lobatus can be stored in this manner for several months

with little loss of chloroperoxidase activity.

The heme protein and flavoprotein moieties of the No-

tomastus lobatus chloroperoxidase were purified sepa-

rately as described by Chen et al. (1991). Purity of each

protein was checked by native polyacrylamide gel elec-

trophoresis. Polyclonal antibodies to purified heme pro-

tein and flavoprotein moieties were raised separately in

male New Zealand white rabbits. Purified proteins were

dissolved in phosphate buffered saline (PBS, pH 7.4) at a

concentration of 100 Mg/ml and emulsified in Freund's

complete adjuvant for the initial, subcutaneous injection.

Subsequent injections of antigens were carried out using

Freund's incomplete adjuvant. The antisera were tested

for specificity by immunoblot analysis using purified heme

protein and flavoprotein moieties, reconstituted chloro-

peroxidase formed by mixing the two subunits in a 1:1

molar ratio, and a crude extract of N. lobatus. The crude

extract was prepared as described in Chen et al. (1991).

After fixation, the body regions to be examined by im-

munohistochemistry were passed through three changes

of 100% ethanol and three changes of toluene for 10 min

each and embedded in low-melting-point paraffin in re-

duced light. These methods were used because the com-

pounds are volatile and the enzyme is sensitive to both

temperature and light. The embedded tissue was sectioned

to a thickness of 9 /^m. Some sections were stained with

hematoxylin and eosin for bright-field microscopy.
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For indirect immunofluorescence microscopy, the par-

affin was removed from the sections by treatment with

toluene, and the sections were then rehydrated in a graded

ethanol series (100, 100, 95, 85, and 70%) for 1 min each.

Sections were blocked with 1% goat serum in PBS for 30

min at room temperature. Serially matched sections were

incubated overnight at 4C in a 1:100 -dilution of rabbit

anti-heme protein, or anti-flavoprotein serum, or a mix-

ture of anti-heme protein and anti-flavoprotein (1:1) sera.

The sections were rinsed in PBS three times for 5 min

each and then incubated in diluted ( 1 :50) second antibody

(fluorescein-conjugated, goat anti-rabbit IgG (H&L) an-

tibodies; ICN Immunobiologicals, Lisle, IL) at room tem-

perature for 1 h. Sections were then rinsed in PBS three

times for 5 min each and mounted in 10% glycerol. Sec-

tions treated with preimmune rabbit serum, blocked with

goat serum, and then treated with second antibody were

used as controls. Sections were examined at 16X on a

Zeiss Universal microscope equipped forepifluorescence.

For determination ofbrominated aromatic compounds,
each frozen body region (head, mid-body, or tail) was

thawed to room temperature, immediately placed in

HPLC-grade methanol, and refrigerated pending extrac-

tion. The body regions were then ground in ice-cold

methanol and the homogenates centrifuged at 1000 X g
for 15 min. To each supernatant a known amount of 2,6-

dichlorophenol was added as an internal standard. Each

supernatant was diluted initially with 10 volumes of acid-

ified, saturated sodium chloride solution (pH 2.0) and

extracted five times with 1 volume of HPLC-grade pen-

tane. For each extraction the amount of pentane added

was equal to the volume of the supernatant (typically 5

to 10 ml). The pentane fractions were pooled, concen-

trated, and analyzed by gas chromatography (GC) with a

Varian Model 3300 equipped with a fused silica capillary

column ( 1 5 m X 0.53 mm ID) coated with a 1 .5-jum film

of cross-linked SE-54 phase (DB-5, J & W Scientific, Fol-

som, CA), an electron capture detector, and an integrator.

The brominated compounds were resolved with the aid

of a temperature program (120 to 160C at 10C/min,
30 ml/min N 2 flow) and quantified with standard curves

derived from known concentrations of reagent-grade bro-

mophenols previously determined to be found in N. lob-

atus (4-bromophenol, 2.4-dibromophenol, and 2,4,6-tri-

bromophenol; Chen et ai. 1991) as well as with standard

curves for the internal standard, 2,6-dichlorophenol.

Frozen, dissected worm heads, mid bodies, and tails

were separately thawed at room temperature, weighed

(about 0.5 g dry weight), and washed several times with

50 mAf sodium phosphate buffer, pH 4. 1 . Each body re-

gion was homogenized by hand grinding in an ice-cold

mortar and pestle with 2 ml added cold phosphate buffer.

The homogenates were centrifuged at 10,000 X g for 20

min, then loaded onto a Sephadex G-50 column (0.5 X 5

cm), pre-equilibrated with phosphate buffer. The proteins

were eluted with 50 mAf phosphate buffer. The products

of chloroperoxidase activity in each body region were

measured by GC. Known amounts of purified chloro-

peroxidase formed by adding purified heme protein and

flavoprotein moieties in a 1:1 molar ratio were added to

a reaction mixture containing 10 mAf NaCl, 440 \iM
H 2O2 , and 50 mAf phenol in 100 mAf phosphate buffer,

pH 5.0 (Chen et a/., 1991). Assay mixtures were incubated

at room temperature for 30 min. The reaction mixture

was extracted five times with 1 ml of pentane per extrac-

tion. The pentane fractions were then combined, concen-

trated, and analyzed by GC as described above. The pres-

ence and identities of the chlorophenols produced were

confirmed using both gas chromatography and mass

spectroscopy (Chen et ai. 1991). One unit of specific en-

zyme activity was defined as 1 jumol of product formed

by 1 mg of protein per minute. Protein concentration was

assayed by the method ofLowry et ai (1951), with bovine

serum albumin as the standard.

For analysis by Western immunoblotting, native poly-

acrylamide gel electrophoresis was performed with a Bio-

Rad Protean II gel electrophoresis system. The polypep-

tides were transferred electrophoretically to nitrocellulose

membrane. The nitrocellulose membrane was immersed

in a blocking solution containing 3% goat serum in PBS

for 30 min prior to incubation overnight in the mixture

of anti-heme protein and anti-flavoprotein sera (1:1000

dilution) at room temperature. The nitrocellulose mem-
brane was washed in PBS and then incubated in a horse-

radish-peroxidase-conjugated goat anti-rabbit IgG (1:5000

dilution) (BioRad Laboratories, Richmond. CA) for 30

min at room temperature. The blot was rinsed twice with

0.05% Tween 20 for 5 min each and rinsed again in PBS

for 5 min. Polypeptides from each region on the worm
were visualized by reaction with hydrogen peroxide and

4-chloro-l-naphthol. Polypeptide bands were quantified

using a Hewlett Packard ScanJet Plus.

To confirm its specificity, anti-heme protein serum was

absorbed against purified heme protein from N. lobatus

overnight at 4C. Supernatant was collected after cen-

trifugation of precipitated antibody-antigen complexes.

Ten microliters of purified heme protein and 10 n\ of

fresh N. lobatus crude extract were spotted onto nitro-

cellulose membrane, allowed to dry at room temperature,

then rinsed once with TBS (50 mM Tris HC1, 150 mM
NaCl, pH 8.0). The nitrocellulose membranes were then

soaked in blocking solution (5% (w/v) nonfat dry milk in

TBS) for 30 min, washed twice for 5 min each with TBST

(TBS + 0.05% (v/v) Tween-20), and rinsed again with

TBS. The membranes were then reacted with the primary

absorbed serum (diluted 1 : 1000 with TBS) or unabsorbed
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rabbit anti-heme serum for 1 h, washed twice for 5 min

each with TBST, and ri- :,ed with TBS. They were then

reacted with horser' ,>eroxidase conjugated with goat

anti-rabbit IgG (Ri ad; diluted 1:1000 with TBS) for 1

h and then wasb-.'i twice for 5 min each with TBST and

rinsed with TBS. Polypeptides were visualized by reaction

with hydrogen peroxide and 4-chloro-l-naphthol for

15 min.

12345

Results

To determine the specificity of the antisera raised in

rabbit against the purified heme protein and flavoprotein

moieties of chloroperoxidase from Notomastus lobatus.

we used the sera to probe Western blots containing pu-

rified heme protein complex, purified flavoprotein moiety,

and whole-worm crude extracts. The anti-flavoprotein

antiserum reacted only with the flavoprotein. The anti-

heme protein serum reacted strongly with the purified

heme protein, but not with the flavoprotein moiety. Each

serum thus reacted only with its respective protein in the

crude extract of N. lobatus. The anti-flavoprotein serum

produced a band at a molecular weight consistent with

the chloroperoxidase flavoprotein (120,000; Chen el al.,

1991) (Fig. 1: lane 4). The anti-heme protein serum pro-

duced a band at a molecular weight consistent with the

chloroperoxidase heme protein (54,500; Chen el al.. 1991 )

(Fig. 1: lane 5). As expected, a mixture of anti-heme pro-

tein serum and anti-flavoprotein serum reacted with crude

extract prepared from N. lobatus tail tissue produced two

bands corresponding to the molecular weights of the heme

protein and flavoprotein moieties (Fig. 1: lane 3). Bands

consistent with heme protein were also seen in the head

and mid-region extracts (Fig. 1: lanes 1 and 2 respectively).

A small band consistent with the flavoprotein complex
was seen in the mid-region extract, but none was seen in

the head region extract (Fig. 1 : lanes 2 and 1 respectively).

The constituent proteins ofthe chloroperoxidase were thus

easily detectable with the anti-heme protein and anti-fla-

voprotein sera.

To determine the histological location and regional

distribution of the enzyme, tissue cross sections of head,

mid-body, and tail regions were treated with a 1 : 1 mixture

of heme protein and flavoprotein antisera. Positive im-

mune staining was observed primarily in the tail and to

a lesser extent in the mid-body (Figs. 2 and 3). The head

region was completely negative in all sections.

Sections of tail region were treated with anti-heme pro-

tein or anti-flavoprotein serum, or a 1:1 mixture of the

sera (Fig. 2A, B, C). In all cases, intense fluorescence la-

beling was observed in the muscles and with less intensity

in the epidermis (Fig. 2B, C). Controls consisted ofsections

reacted with preimmune rabbit serum in PBS and then

'H

Figure 1. Western immunoblot of partially purified chloroperoxidase

from Notomastus lobatus. reacted with a 1 : 1 ratio of heme protein and

flavoprotein antisera. Lane 1: head region: Lane 2: mid-body; Lane 3:

tail region; Lane 4: purified flavoprotein subunit of chloroperoxidase;

Lane 5; purified heme protein subunit of chloroperoxidase.

rinsed and incubated with second antibody (fluorescein-

tagged goat anti-rabbit IgG serum). Control sections

showed no nonspecific immunoreaction (Fig. 2D). The

samples treated with anti-heme protein (Fig. 2A) or anti-

flavoprotein sera (Fig. 2B) were very similar to each other

and to the samples treated with the 1 : 1 serum mixture

(Fig. 2C). In addition to the staining of muscle, gut epi-

thelium in the tail was also intensely labeled by the an-

tibody (Fig. 3A). These results show the presence of chlo-

roperoxidase in the muscle, epidermis, and gut lining in

the tail. We also observed minor fluorescence labeling in

the epidermis of the mid-body. In contrast to the Western

immunoblot data, no fluorescence labeling was seen in

any of the sections of the head region treated with either

anti-heme protein or anti-flavoprotein sera.

As a second approach to confirmation of the immu-

nocytochemical results on localization, we used Western

immunoblotting to further examine the extracted enzyme
moieties from each body region. Proteins transferred to

nitrocellulose membranes were treated with the anti-heme

protein and anti-flavoprotein antibodies, and the colored

products of the reaction were quantified by scanning den-

sitometry. Known amounts (Lowry el al., 1951) of the

purified flavoprotein and heme protein components were

included as controls. As expected from the immunocy-
tochemical results, the flavoprotein moiety was present

in large quantities in the tail, but in much smaller quan-
tities in the mid-body of the worm (Table I; Fig. 1). No
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Figure 2. Immunofluorescence labeling of cross sections of the tail of Notomastus lobalus. Polyclonal

antisera to heme protein and flavoprotein subunits of chloroperoxidase from N- hhalus were used; binding

was visualized by fluorescein-conjugated anti-rabbit antibody. Labeling with (A) heme protein antibody; (B)

flavoprotein antibody; (C) 1:1 mixture of heme protein and flavoprotein antibodies; (D) preimmune rabbit

serum. (E) Neighboring section stained with hemotoxylin and eosin and examined with light microscopy

(m muscle, e epidermis). (F) Same section as in (E), at higher magnification (m muscle, e epidermis).

Scale bar in A = 72 jim and applies to A-E. Scale bar in F = 36 ^m.

flavoprotein moiety was detected in the head region. In

contrast to the immunocytochemical results, heme protein

was detected in all three body regions (Table I). This could

be due to nonspecific activity of the antiserum or to the

actual presence of heme protein in all three body regions.

If the latter, then the heme protein may have another

function in the head and mid-body of the worm, but it

must be complexed in some way such that we did not

detect it by immunocytochemistry (Knapp el ai, 1991).

Tests for nonspecific activity of the anti-heme protein

serum were negative. When anti-heme protein serum

preabsorbed with the purified heme protein moiety was

reacted with crude extract and pure heme protein, no re-

action was seen with either the purified heme protein
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Figure 3. (A) Immunofluorescence labeling of gut epithelium (e) in

cross sections of the tail of Notomuslus lohatus. A mixture ot polyclonal

antibodies to the heme protein and davoprotein subunits of chloroper-

oxidase was used; binding was visualized by FITC-conjugated anti-rabbit

antibody. (B) Neighboring section stained with hemotoxylin and eosin

and examined with light microscopy (e gut epithelium). Scale bar = 72

jtm.

highest enzyme activity was detected in extracts from the

tail region, with much less in extracts from the mid-body
and head regions (Table I). In addition, the amount of

brominated aromatic compounds found in methanol ex-

tracts of each body region was measured by GC (Table

I). The highest concentration ofbromophenols was found

in the tail, with a lower level in the mid-body (Table I)

and only trace amounts in the head region.

Discussion

Chloroperoxidase and its products are localized pri-

marily in the tail region of Notomastus lobatus (Table I).

Immunohistochemistry revealed that the chloroperoxi-

dase was located in muscle, epidermis, and gut lining of

the tail region as well as to a lesser extent in the mid-body

(Figs. 2 and 3). This corresponds closely with the data on

the distribution of the natural broi linated products of

this chloroperoxidase (4-bromophenol, 2,4-dibromo-

phenol, and 2,4,6-tribromophenol), which are also con-

centrated in the tail region (Table I). The tail region has

3.2 times more bromophenol than the mid-body and 75.2

times more than the head region (bromophenol expressed

as micrograms per milligram of protein). In fact, so little

bromophenol was detected in the head region that it may
represent contamination of the external body surface with

bromophenols released from the tail or the mid-body
when the worm was collected. Regional distribution of

enzyme activity was consistent with these results. The tail

showed a very high level of activity, as measured by the

ability of extracts to catalyze production of chlorophenol;

the tail region had 29.5 times more activity than the mid-

moiety or with crude extract of N. lobatus. Anti-heme

protein serum that had not been preabsorbed reacted

strongly with both the purified heme protein moiety and

the crude extract of TV. lobatus.

Both flavin and heme moities are necessary for holo-

enzyme activity. To determine presence of holoenzyme

per body region, the enzyme activity of the chloroper-

oxidase extracted from different regions of the body of TV.

lobatus was assayed by comparing the amount of halo-

genated product produced per milligram of protein. The

product was assayed by GC. Since the worm naturally

contains brominated aromatic products, assays for bro-

minated products with crude extracts suffer from back-

ground contamination. The worm does not contain chlo-

rinated aromatics, but its chloroperoxidase will catalyze

the synthesis of these compounds in vitro (Chen el al.,

1 99 1). Therefore, we used an enzyme reaction mixture

including phenol and NaCl, which in the presence of en-

zyme produced 4-chlorophenol. This product was assayed

by GC and its identity verified by mass spectroscopy. The

Table I

Occurrence ofchloroperoxidase and bromophenols in the three body

regions ofNotomaslus lobatus plus activity ofchloroperoxidase by

body region

Body Region

Head Middle Tail

Chloroperoxidase quantity'

(OD- mm 2 band area)

Heme-containing subunit

Flavin-containing subunit

Chloroperoxidase specific activity
2

(jjmol substrate/mg crude extract

protem/min)

Bromophenol compounds quantity

(Mg/mg protein)

0.44

0.0

0.20

0.29

0.07

0.06

117

0.59

0.23

1.86

376

' Determined by scanning densitometry of Western blot to nitrocel-

lulose membrane.
2 Measured as the ability of the enzyme to produce the product

4-chlorophenol.
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body and 9.3 times more than the head region. The only

data that appeared to be inconsistent with the conclusion

that the chloroperoxidase was localized in the tail tissue

were the data from Western blots. These data showed the

heme protein moiety of the chloroperoxidase to be abun-

dant in all body regions of the worm (Table I). However,

the tlavoprotein moiety either was not present (head) or

was present in only trace amounts (mid-body). Since both

proteins are required for chloroperoxidase activity, this

strongly suggests that no functional chloroperoxidase en-

zyme existed in the head and only trace amounts in the

mid-body of the worm (Table I). Thus, there is no incon-

sistency with respect to the absence of enzyme activity in

regions other than the tail.

Localization of product (or products) and enzyme near

the site of their expected use or release appears to be typical

of many noxious chemicals in marine organisms (Young
el a/.. 1980; Thompson el a/., 1983; Hay and Fenical,

1988) as well as in terrestrial plants (Langenheim et a/..

1978). It also seems to be characteristic of organisms that

do not synthesize their own noxious compounds but

rather derive them from their foods (e.g.. gastropods: Jen-

sen. 1984; Faulkner and Ghiselin, 1983; insects: Bowers

and Puttick, 1986; Malcolm, 1991). Because many of the

endogenously produced compounds probably have au-

totoxic properties, one would expect them to be synthe-

sized at the site of sequestration and localized in a manner

appropriate for their functional role (Hay and Fenical,

1988). Exceptions to this pattern are known: in some ter-

restrial plants, for example, alkaloids are synthesized at

one location within the plant and then translocated to

their site of utility (Hashimoto elal, 1991). In the marine

worm A', lobatus. it is clear that synthesis and storage of

toxic bromophenols occur primarily in the tail region

(Table I. Figs. 2 and 3).

Notomastus lobatus lives in sediments in a habitat that

is intensively excavated by a variety of large digging pred-

ators such as rays, skates, and blue crabs (Peterson and

Peterson, 1979). The predatory rays, for example, are ca-

pable ofexcavating to depths ofmore than 0.5 m in pursuit

of prey (Orth. 1975). Methods of escape for sediment

dwellers probably include life among partial structural

refuges such as oyster reefs, rapid burrowing deep within

the sediments, very rapid withdrawal into a very deep
burrow, and distastefulness. A', lobatus is not a rapid bur-

rower, nor does it withdraw rapidly into the deepest por-

tions of its burrow. It lives in muds into which predators

can readily dig. The localization of chloroperoxidase and

its bromophenol products in the tail suggests that these

compounds serve an antipredator function. If these com-

pounds were primarily used as antimicrobial or antifoul-

ing compounds, as suggested by King (1986) and others.

one would expect to see both the bromophenols and the

chloroperoxidase evenly distributed across all three body

regions in the epidermis; they are not (Table I; Figs. 2 and

3). The distribution of the bromophenols and the chlo-

roperoxidase enzyme responsible for their production in

A', lobatus is consistent with the hypothesis that they are

used as antipredator compounds by this worm. A', lobatus

lives head down, ensuring that the first portion of the

body to be encountered by an epifaunal predator will be

the tail, the region of the body containing the highest con-

centration of the brominated compounds and the highest

activity of the chloroperoxidase enzyme (Table I). We
surmise that encounters with the tail and its noxious bro-

minated compounds reduce predatory pursuit. Feeding

experiments that will more directly test this antipredator

hypothesis are under way.
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Reference: Bio/ Bull 187: 227-230. (October, 1994)

Introduction to Featured Articles:

A Primitive Immune Defense System

Members of several invertebrate phyla have maximum lifespans that approach that of humans. A pre-

condition for longevity is a highly effective immune defense system that operates to inactivate invasive

pathogens. Invertebrates do not possess the well-studied antibody-based immune system, which is found

only in the vertebrates. Our research has focused on immune defense proteins in the plasma of arthropods
that show extreme evolutionary conservation. Two of these, the a^macroglobulins and the pentraxins, are

present in modern representatives ofvertebrates and arthropods, and thus must have originated in evolution

prior to the great evolutionary divergence ofthe Pre-Cambrian that gave rise, finally, to the modern multi-

cellular phyla. In these reports we show that the pentraxin, limulin, is the principal mediator ofa plasma-
based cytolytic system in Limulus polyphemus, and that the a2-macroglobulin ofLimulus mediates the

recognition and clearance ofproteases from the circulation and serves as a regulator of the limulin-based

cytolytic system. We suggest that the ctT-macroglobulins and the pentraxins are mediators of primitive

immune defense systems that protect a diversity ofanimalsfrom pathogenic attack.

Peter B. Armstrong and James P. Quigley

August, 1994

Reference: Biol. Bull 187: 227-228. (October, 1994)

Identification of Limulin as a Major Cytolytic Protein in the Plasma

of the American Horseshoe Crab, Limulus polyphemus
Peter B. Armstrong (Department ofMolecular and Cellular Biology, University of California,

Davis, CA 95616-8755), Sandra Misquith, Subita Srimal, Ralph Melchior, and James P. Quigley

A major problem of comparative immunology is the identi-

fication and characterization of the internal defense systems that

lyse foreign cells, such as bacteria and other microbial pathogens,

that have gained entry into the body ( 1 ). Lysis must be selective

to avoid collateral damage to the organism's own tissues. Limulus

shows a potent cytolytic activity in the plasma that has been

assayed by its ability to lyse sheep erythrocytes (2). In this report,

we present evidence that the mediator of the cytolytic system

of Limulus is the protein limulin, a sialic acid-binding lectin of

the plasma. The sialic acid (SA)-binding lectins that have been

found in the plasma of a variety of invertebrates (3) are poorly

characterized in function. Limulus possesses several SA-binding

lectins. of which limulin is the best described (4).

For the present studies, limulin was purified to homogeneity
from the plasma of Limulus by sequential affinity chromatog-

raphy on phosphorylethanolamine (PE)-agarose and fetuin-

Sepharose, a sialic acid affinity resin. The binding of limulin

both to PE and to sialic acid is Ca+:
-dependent. The following

observations indicate that limulin is necessary for hemolysis by

hemocyanin-depleted Limulus plasma. The lytic activity on

sheep erythrocytes was Ca
+2
-dependent and was abolished if the

plasma was depleted in limulin, either by passage over PE-agarose

or over fetuin-Sepharose. Hemolytic activity was restored to

limulin-depleted plasma by the addition of purified limulin.

Limulin is sufficient for hemolysis because purified limulin was

hemolytic in a Ca+2
-dependent manner at 10 nA/ [assuming a

molecular mass of 300 kDa (5)] in the absence of other plasma

components. The hemolytic activity of purified limulin was de-

pendent on its SA-recognition capabilities, because limulin-me-

diated hemolysis was abolished by desialylation of the target

erythrocytes with I

'

cholerae neuraminidase, or by inclusion of

9 fiAf fetuin in the incubation medium, and was reduced 50%

by 0.1 M N-acetyl neuraminic acid.

Limulin can be separated from the other SA-lectins in the

plasma of Limit/us by its unique ability to bind to PE-agarose.

Although the other SA-lectins of Limulus plasma, which were

isolated from the PE-agarose breakthrough fraction by their af-

finity to fetuin-Sepharose, agglutinated sheep erythrocytes, they

showed no ability to lyse the cells when they were present at

hemagglutination liters equivalent to those of active concentra-

tions of limulin. Thus hemolysis is not produced by any and all

SA-lectins.

Limulus a2-macroglobulin (LAM), a second plasma protein

with potential immune function, plays a regulatory role for lim-

ulin-mediated cytolysis. LAM that was activated by exposure to

low molecular mass primary amines or to proteases reduced the

cytolytic activities of purified limulin. This activity was not

shown by unactivated LAM, but unactivated LAM could reverse

the inhibitory activity of amine- and protease-activated LAM.
Identification of the cytolytic protein in the plasma ofLimulus

227
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as the lectin limulin is an important advance in our understand-

ing of the mechanisms of immunity in this animal. The recog-

nition of foreign cells for subsequent cytolytic destruction prob-

ably depends on the presentation of sugars recognized by limulin

on the surfaces of the foreign cells. Although several plasma

lectins have been identified in a variety of animals, the functions

of this class of proteins have been poorly characterized. To our

knowledge, this is the first demonstration of a cytolytic function

for a plasma lectin. The ability of LAM to regulate the activity

of limulin is as yet not well characterized, but it may be important

in the integration of the different components of the immune
defense system of Limulus.

Supported by Grant No. MCB-92 18460 from the National

Science Foundation.

Literature Cited

1 Canicatti, C. 1990. Expvrientia 46: 239-243.

2 Armstrong, P. B., M.T.Armstrong, and J. P. Quigley. 1993. Moi
Immunol. 30: 929-934.

3. Mandal, C., and C. Mandal. 1990. Expenenlia 46: 433-441.

4. Kehoe, J. M., and R. K. Scide. 1986. Pp. 345-358 in Hemocytic

andHumoralImmunity in Arthropods. A. P. Gupta, ed. John Wiley

& Sons. New York.

5 Quigley, J. P., S. Misquith, A. Surolia, S. Srimal, and P. B. Arm-

strong. 1994. Biol. Bull 187: 229-230.

Reference: Biol. Bull. 187: 228-229. (October, 1994)

Clearance of Proteases from the Circulation of the American Horseshoe Crab, Limulus polyphemus:
A Possible Function for a 2-Macroglobulin

Ralph Melchior (Department ofMolecular and Cellular Biology, University of California.

Davis, CA 95616-8755), James P. Quigley. and Peter B. Armstrong

The protease inhibitor 2-macroglobulin (a 2M), which is

found at high concentration in the plasma of vertebrates, ar-

thropods, and molluscs ( 1 ), binds proteases by a unique process

that begins with the proteolytic cleavage of a 2M and is completed

when a 2M enfolds the target protease in a molecular cage (2).

Only enzymatically active proteases can react with cv 2M (2). The

conformational change that results in protease entrapment also

exposes a previously buried site in mammalian 2M that is rec-

ognized by cell surface receptors of hepatocytes and macrophages

(3, 4). An identical conformational change can be produced by

reaction of 2M with small primary amines such as methylamine

(MA) (3). In mammals, protease- and MA-activated 2M is then

rapidly cleared from the plasma by a receptor-mediated endo-

cytotic process (4).

arMacroglobulin was purified from the plasma of Limulus

as described previously (5). Trypsin was fluoresceinated with

fluorescein-isothiocyanate (FITC) and was then purified on a

benzamidine-Sepharose column. To search for a clearance pro-

cess for proteases in Limulux. FITC-labeled proteins were intro-

duced into the circulation by intracardiac injection. Blood sam-

ples were taken from the blood spaces of the leg joints. Blood

Figure 1. Clearance from the plasma oj Limulus of (A) fluorescein

(FITC)-labeled samples of trypsin: (B) methylamine (MA)-reacted Lim-

ulus az-macroglobulin (LAM): and (C) trypsin-reacted LAM. Trypsin

inactivated hv prior reaction with phenylmethyl-sulfonyl fluoride (A) and

native LAM (B) were not clearedfrom the circulation during the period

oj observation, whereas trypsin and activated LAM were cleared rapidly

and efficiently (trypsin t,,:
= 26 min: MA-LAM l,n = 20 nun trypsin-

LAM t,/2
= 17 min). The fraction of the fluorescein label that was as-

sociated with the blood cells was maximal at the lime that the label in

the plasma was minimal (C).
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cells were removed by centrifugation. and the concentration of

FITC-labeled proteins in the plasma was measured with a flu-

orometer. In addition, the blood cell-associated fluorescence was

measured after cell lysis with sodium dodecyl sulfate.

An injected inert protein (FITC-hemocyanin) reached 90%

mixing in the peripheral blood by 5 min. and a steady state

concentration by 10 min after injection. These results were con-

firmed by angiography. There was no detectable clearance of

the control protein. FITC-labeled hemocyanin. over a period of

1 80 min. FITC-labeled trypsin was cleared in a triphasic manner,

with an initial lag period (10-20 min) and a rapid clearance

period (20-30 min), followed by the reappearance of FITC in

the circulation (45-90 min) (Fig. 1A). The clearance of trypsin

requires its protease activity, because phenylmethyl sulfonyl flu-

oride-inactivated FITC-labeled trypsin was cleared only very

slowly if at all (t, /:
> 180 min) (Fig. 1A). FITC-labeled, MA-

reacted LimuIus-a 2M (LAM) (Fig. IB) and FITC-labeled, tryp-

sin-reacted LAM (Fig. 1C) were cleared rapidly from the plasma

of Limulus. whereas FITC-labeled native LAM persisted in ex-

cess of 400 min (Fig. IB).

The blood cells of Limulus bound FITC-labeled. MA-reacted

LAM and FITC-labeled, trypsin-reacted LAM. Forty percent of

the cleared fluorescence was recovered from SDS-solubilized

blood cells at 30 min. The peak of recovery from the blood cells

coincided with the minimum of FITC-labeled protein in the

plasma (Fig. 1C).

In summary, we have demonstrated the existence of a clear-

ance pathway in Limulus that operates selectively on enzymat-

ically active proteases. The Limulus homologue of ;M appears

to be capable of mediating this clearance, because protease- and

MA-activated LAM were cleared with kinetics similar to those

of introduced proteases. Native LAM was retained in the plasma

and was not cleared. It appears that LAM is the only protease

inhibitor in the plasma of Limulus (6). Several problems remain.

We have not characterized the FITC-labeled material that reap-

peared in the plasma following clearance. Because this material

passed through a molecular size exclusion of 10 kDa, it may
consist of proteolyzed fragments of protein that result from its

endocytosis and degradation by the blood cells. Also, we have

not identified the cell surface receptor for activated LAM.
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Preliminary Investigation of the Molecular Basis for the Functional Differences Between

the Two Pentraxins I imulin and C-Reactive Protein from the Plasma

of the American Horseshoe Crab, Limulus polyphemus

James Quigley (Department of Pathology, Health Sciences Center, Tower 9, Room 140,

State University ofNew York, Stony Brook, NY 11798-8691), Sandra Misquith,

Avadhesha Suro/ia, Subita Srimal, and Peter Armstrong

The pentraxins are a family of plasma proteins that include

C-reactive protein (CRP) and serum amyloid protein in mam-

mals ( 1 ) and a family of pentraxins from the American horseshoe

crab, Limulus polyphemus (2, 3). Both the mammalian and

Limulus pentraxins bind pneumococcal C-polysaccharide in a

Ca +
--dependent manner. The pentraxins of the plasma of Lim-

ulus can be isolated by affinity chromatography on phospho-

ethanolamine (PE)-derivatized resins.

We have now shown that the Limulus pentraxins are com-

posed of at least two proteins, a homologue of mammalian CRP
and limulin, a lectin with recognition capabilities for sialic acid

(SA) and 2 keto-3-deoxyoctonate (4). Although it was previously

assumed that limulin and Limulus CRP were the same protein

(cf.. 5), we have found them to be distinct but closely related

proteins. Limulin was purified by sequential chromatographic

isolation (in either order) on fetuin-Sepharose (an SA-resin) and

PE-agarose. Limulus CRP was purified as the unbound fraction

when the total PE-binding fraction was subsequently chromato-

graphed on fetuin-Sepharose. Less than 1% of the PE-agarose-

binding (pentraxin) fraction is limulin. Clearly limulin and

Limulus CRP are closely related: both proteins bind to PE-af-

finity resins; both have the same native (
~ 300 kDa by size

exclusion chromatography on Sephacryl S-300 HR resin) and

subunit [~24-28 kDa by SDS-polyacrylamide gel electro-

phoresis (PAGE)] molecular masses; and both have the same

amino terminal peptide sequence (LEEGEGITSKV), and a

polyclonal antiserum produced against purified Limulus CRP
cross-reacts with limulin.

However, the two proteins do show important functional dif-

ferences: limulin, but not Limulus CRP. binds to sialic acid.
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agglutinates sheep and rabbit erythrocytes, and lyses sheep

erythrocytes (6, 7). In our attempts to discover the molecular

basis for these significant functional differences between two

closely related proteins, we have found that limulin and Limidus

CRP show small but reproducible differences in the pattern of

protein bands seen by SDS-PAGE. Before experimental prote-

olysis, both Limulus CRP and limulin show two closely spaced

protein bands by SDS-PAGE (both with and without 2-mercap-

toethano!), with the lower band staining more intensely (or Lim-

ulus CRP and the upper staining more intensely for limulin

(both Coomassie blue and silver staining). The two proteins differ

in the extent of proteolytic fragmentation and the sizes of the

peptide fragments generated by exposure to the proteases en-

doprotease Lys-C (from P. aeruginosa), endoprotease Glu-C

(from 5. aureus), and alkaline protease (from B. licheniformis).

This suggests that, while the amino termini of limulin and Lim-

ulus CRP are identical, the two proteins may possess differences

in amino acid sequence in the interiors of the polypeptide chains.

There are multiple genes for the Limulus pentraxins, consistent

with this possibility (2, 3). About 2.5-3.3% of the molecular

mass of Limulus CRP and of limulin is neutral sugar (determined

by the phenol-sulfuric acid method), but Limulus CRP is rec-

ognized by a mannose-binding lectin from Artocarpus integri-

folia. indicating that its carbohydrate is of the polymannosyl

type, whereas limulin fails to bind this lectin. These data are

consistent with the possibility that limulin and Limulus CRP
differ both in amino acid sequence and in glycosylation. Exper-

iments are under way to determine which of these subtle struc-

tural differences in the two proteins are responsible for their

distinctive functional properties.
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High Resolution Multimode Digital Imaging System for Mitosis Studies In Vivo and In Vitro

E. D. Salmon (Biology, Univ. ofN. Carolina, Chapel Hill. NC). T. Inone. A. Desai, and A. W. Murray

Many questions about the mechanisms of mitotic spindle as-

sembly, chromosome movement, and chromosome segregation

can be answered by quantitative measurements of digital images

obtained from several optical modes. For example, epifluorescent

detection of X-rhodamine-labeled tubulin reveals spindle mi-

crotubule organization, whereas DAPI or other DNA-binding

dyes stain the chromosomes in live preparations where these

structures are often invisible to phase or DIC methods (1-4).

Photoactivated fluorophores bound to tubulin can be used to

measure microtubule assembly dynamics in real time (1.2). and

other fluorescent probes can be used to track the dynamics of

membranes, other organelles, or molecular complexes within

the spindle (5). In transparent specimens, the movements of

chromosomes and centrosomes can be recorded with transmitted

light if phase contrast or DIC optics are employed (6), while

polarization methods can reveal spindle fiber microtubule dy-

namics and provide a quantitative measure of microtubule as-

sembly and orientation (6). In addition to real-time recording,

a digital fluorescence microscope system can also provide 3-D

structural detail from stacks of optical sections when the spec-

imens are stained with specific molecular probes.

The high resolution, multimodal digital microscope system

that we have constructed for our mitosis studies is diagrammed
in Figure 1. Optical components of the Nikon FXA microscope

stand were chosen to provide diffraction-limited resolution in

transmitted and fluorescence modes for images projected onto

a cooled charge coupled device (CCD) camera (Fig. 2C).

Cooled CCD cameras have several advantages for digital im-

aging over unintensified and intensified video detectors, includ-

ing dynamic range, linearity, low noise, and little geometrical

distortion. The Hamamatsu C4880 was chosen because it has

two readout modes: a fast scan mode (up to 7 frames/s) which

is useful for focusing, and a slow scan mode. (12 bit/pixel,

500,000 bytes/s readout rate), which gives the most useful dy-

namic range (4000 grey levels above a noise floor of about

50 10). The MetaMorph digital imaging system is pro-

grammed to control image acquisition from the CCD camera.

We have found that the central area (300 X 300 pixels) of the

1000 X 1000 pixel detector provides sufficient resolution and

field of view for our mitosis images while reducing the time

required to process the digital images and the amount of digital

storage required (180 KBytes/image).

An important criterion in our mitosis studies is that all the

epi- and trans-illumination images be aligned and in focus at

the same position on the CCD detector. This was accomplished

with a single Chroma filter cube containing a multiple bandpass

dichromatic mirror and emission filters designed for the DAPI

(blue), fluorescein (green), and X-rhodamine (red) emission

wavelengths. Excitation intensity and wavelength are selected

by a MetalTek stepper motor controlled dual filter wheel, where

one 8-position wheel holds a series of neutral density filters, and

the other holds narrow bandpass filters for the different excitation

wavelengths. Other filters and iris diaphragms in the epi- and

trans-illumination paths are used to provide further manual

control of illumination intensity and field of illumination (Fig.

1 ). Focus position along the z-axis is controlled by a Ludl stepper

motor attached to the Nikon FXA fine focus.

The MetaMorph digital imaging system has programs and

journal scripts that control for either time-lapse or z-axis stepping.
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Figure 2. I 'iews ofa living, dividing yeast f Saccharomyces cerevisiaej

produced by (A) green fluorescent protein (7) bound to nuclear histories

and (B) DIC* (C) Image in DIC of the 0.24 pm spacing between rows

of fruslrual pores of the diatom Amphipleura illuminated with green

light*. Images ofa spindle iintlergmni; antiphase in Xenopus cytoplasmic

egg extracts: (D) DAPI stained chromosomes. IE) Rhodamine-tubulin

labeled spindle and aster microliibules. and (F) phase contrast (Nikon

20X/NA = 0. 75 Fluar Phase 3 objective). Stereo pair images (F) ofDAPI

stained chromosomes generated from a stack of05 ^m optical sections

through a Xenopus spindle fixed in the extracts in mid-anaphase*

(*. Nikon 60X/AU = 1.4 Plan Apo DIC objective and NA = L4 condenser

illumination lor DIC)

shutters in the light paths, filter wheel positions, image size and

acquisition from the CCD camera, and image storage into stacks

identified by their mode of acquisition (DAPI. Xrhod. phase,

DIC, etc.). Image stacks are initially stored within the 64 MBytes

ofRAM memory, then archived on the hard drive or the Pinnacle

optical disk drive. MetaMorph also provides comprehensive

functions for quantitative analysis of intensity and motion, multi-

color overlays of different image stacks (e.g., DAPI and rhoda-

mine channels), and movie presentation, either on the high res-

olution graphics screen or by conversion of the digital images

to video through a VGA to S-VHS video converter. Large stacks

of images can also be converted to video for storage on an optical

memory video disk recorder (Panasonic TQ2028 or TQ3038F).

Using this system we were able to obtain novel high resolution

real-time images of yeast nuclear motion in the cell division

cycle (Fig. 2A, B) and to finally visualize in real time anaphase

spindle dynamics and chromosome segregation in an in vitro

system (3, 4) reconstituted from sperm nuclei and extracts pre-

pared from Xenopus eggs (Fig. 2C, D, E). 3-D images derived

from a stack of optical sections have also proved very useful for

determining the behavior of all of the chromosomes and their

kinetochore regions within the spindle (Fig. 2F).

We gratefully acknowledge MBL for providing the H. L. Rand

Fellowship to E.D.S., MBL and Nikon for providing the Nikon

Fellowship to A. W. M. and for their generous loan of instru-

ments, and Shinya Inoue and the Program in Architectural Dy-

namics for support and space for our Xenopus studies at the

MBL. The instrument development and Xenopus studies

are supported by NIH GM24364 to E.D.S. and GM 43987

to A.W.M.
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Through-Focal and Time-Lapse Stereoscopic Imaging of Dividing Cells and Developing Embryos
in DIC and Polarization Microscopy

S/iinyu Inoue (Marine Biological Laboratory) and Theodore D. Inoue

Recent developments in confocal microscopy, and methods

for computational deconvolution of serial optical sections, now

permit three-dimensional (3-D) imaging of unfixed cells and

developing embryos, generally in the fluorescence contrast mode

( 1 ). 3-D reconstruction is restricted to fluorescence contrast,

partly because most confocal microscopes do not permit confocal

imaging in other contrast modes, and partly because the 3-D

point-spread function for fluorescence is relatively simple.

Although fluorescence microscopy is extremely effective at

revealing specific chemical species and selected organelles, DIC

and polarization microscopy can provide complementary spatial

and fine-structural information, and at much greater speeds.

However, the point-spread function in these latter modes of mi-

croscopy is extremely complex (2). and it is not obvious that 3-

D images can be computationally reconstructed in these modes

from serial optical sections.

Nevertheless, we reported earlier that very thin optical sections

can be obtained in DIC. polarization, and phase contrast mi-

croscopy in the absence of confocal imaging by using well-cor-

rected optics of high numerical aperature (NA) and video and
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Figure 1 . Swimming pluteus larva of Lytechinus variegatus (sea urchin). The stereo pair is arranged for

cross-eved viewing. Each view wax computedfrom a stack ofca. 100 optical sections which were acquired in

DIC microscopy at 30 sections/s, then digitally processed to remove out-of-focus hu:c

digital contrast enhancement (3). We also described a method

for very rapidly obtaining serial optical sections, repeatedly in

time lapse, using video microscopy combined with synchronous

computerized control of the objective and condenser fine-focus

controls (4).

We now demonstrate, at these General Scientific Meetings,

through-focal and three-dimensionally reconstructed stereo-

scopic images of a free-swimming, pluteus-stage sea urchin em-

bryo and the mitotic spindle fibers within the two-cell stage of

a dividing ctenophore egg. The former, generated from serial

optical sections in DIC microscopy, shows details of the external

morphology, including the presence of a scoop on the mouth,

and internal organs of the pluteus, with unexpected clarity (Fig.

1). Stereo views of sequential slices, generated from limited sets

of serial optical sections, bring out further details of the cellular

organization, including the regular pavement-like arrangement

of the circumoral epithelium and the shape of the mesenchyme
cells that were masked by the overlapping complex structure in

the whole embryo.

The spindle of the dividing ctenophore egg. reconstructed from

serial optical sections in polarization microscopy, shows the 3-

D organization of the birefringent chromosomal spindle fibers

(kinetochore microtubule bundles) in rocking stereoscopic pro-

jection. The fibers appear unusually well differentiated from the

background array of microtubules, which was presumably aided

by the averaging algorithm in the computational reconstruction

that we used to generate the 3-D projections from the haze-

removed optical sections.

The ability to generate these clear 3-D views from optical

sections, which were non-destructively acquired at the high speed

of 30 through-focal serial sections per second in DIC and po-

larization microscopy, opens up new opportunities for physio-

logical, embryological, and cytological studies of developing

embryos and cells undergoing mitosis and other activities in-

volving the dynamic reorganization of their fine-structural and

macromolecular architecture. The practical method that per-

mitted these 3-D reconstructions of the DIC and polarization

optical images is reported elsewhere (5).

Support by grants R37 GM 31617-13 from NIH and DCB-
8908169 from NSF to SI, and technical support by Robert A.

Knudson of the MBL Instrument Development Laboratory and

staff of the Universal Imaging Corporation are gratefully ac-

knowledged.

Literature Cited

1. Pawley, J. 1994. Handbook ofConfocal Microscopy. Plenum Press.

New York.

2. Galbraith, \V. 1982. Micro.*: Ada 85: 233-254.

3. Inoue, S. 1988. Cell Motii Cytoskcl 10: 13-17.

4. Inoue, S., and T. D. Inoue. 1991. Biol. Bull. 181: 336-337.

5. Inoue, S., and T. D. Inoue. 1994. Abstract. Amer. Soc. Cell. Biol..

J. Cell Biol.. in press.



234 REPORTS FROM THE MBL GENERAL SCIENTIFIC MEETINGS

Reference: Biol. Bull. 187: 234-235. (October, 1994)

Study of Calcium Signaling in Cell Cleavage Using Confocal Microscopy
C. L. Meng (Dept. ofBiology, Hong Kong University ofScience and Technology, Hong Kong)

and D. C. Chang

Intracellular calcium is an important second messenger that

is involved in many important cellular functions. Several recent

studies have implicated Ca++
signaling in cell cleavage, partic-

ularly cytokinesis ( 1-4). Cytokinesis is an important part of the

cell cycle; it also plays a key role in development. The spatial

location and the timing of cytokinesis are both precisely regulated

(2), but the regulatory mechanisms of cytokinesis are not well

understood at present. The evidence implicating intracellular

Ca++ in cytokinesis has, thus far, been indirect. The only relevant

calcium images available, from medaka eggs, were obtained by

the use of aequorin (3). Because of the limitations of spatial and

temporal resolution, the changes in Ca++
level cannot yet be

correlated with the onset of cytokinesis.

To shed some light on this problem, we decided to combine

a number of recently developed imaging techniques to examine

the variation of intracellular free Ca++
in zebrafish embryos dur-

ing early cell cleavage. The major goal was to improve greatly

the spatial and temporal resolution so that a more definitive

Ca++ signal in association with cytokinesis could be character-

ized. Our approach was to micro-inject a Ca++
indicator probe.

Calcium Green- 1 conjugated to 10 kDdextran (from Molecular

Probes, final concentration = 2-5 nM), into the embryo and

then to use a laser-scanning confocal microscope (Bio-Rad) to

measure the fluorescent signal; such signals can be converted

into Ca++ concentrations with a standard calibration curve. This

method has several advantages. First, because of the conjugation

with dextran, our probe is not sequestered and is distributed

only in the cytosol. Thus, the observed fluorescent signals reflect

more faithfully the cytosolic free Ca++ concentration ([Ca
++

],).

Second, a relatively large dose of Calcium Green- 1 can be in-

jected into the zebrafish embryo without affecting its normal

development. Thus, a high signal-to-noise ratio can be obtained.

Also, the measurement can be done at a shorter time, thus pro-

viding better temporal resolution.

Third, using the confocal microscope, we can measure the

variation of [Ca
++

], within a specific optical section; thus the

spatial resolution can be greatly improved.

Using this method, we have examined the spatial and temporal
variation of [Ca

'

], in the zebrafish embryo during the second

and third cell cleavages. Our findings, based on 24 experiments,

can be summarized as follows:

1 . A localized elevation of [Ca
* 4

], was clearly observed along
the equator of the dividing cell the site of the constriction of

the cleavage furrow (Fig. 1 ).

2. The rise of the free Ca++ level not only coincided with

cytokinesis, it actually preceded, slightly, the initiation of furrow

contraction (Fig. 1 ).

3. The magnitude of the [Ca
++

],
rise in association with cy-

tokinesis was highly significant; the elevated [Ca
++

],
was at least

fivefold that of the resting level (approximately 0.15

These results thus support the hypothesis that calcium sig-

naling is involved in the triggering of cytokinesis, since the ob-

served elevation of free Ca++ occurs not only in the right place,

but also at the right time.

One might question whether, in this Ca++
imaging measure-

ment, the observed elevation of [Ca
++

],
could be an artifact

Figure 1. Paired images offluorescent signals from Calcium-Green- 1

(left) anil rhodamine (right), bolli of which were conjugated to 10 kD
dextrans [from Molecular Probes). The two dyes were co-injected into

the one-cell stage :ebrafish embryo and then observed simultaneously

using a confocal microscope operating under a two-channel mode. The

intensity ofthefluorescent signal is shown in pseudo-color. The rhodamine

signal shows the distribution of the injected dyes, while the Calcium-

Green signal shows the local concentration offree Ca
++

. The three pairs

<>/ images were obtained at different times when the embryo was under-

going the third cell cleavage. (Top) Initial observation before the third

cell cleavage began: (middle) 147 s later: (bottom) 322 s later.
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caused by an uneven distribution of the calcium-indicating dyes

that somehow aggregated at the cleavage point. To test this pos-

sibility, we co-injected rhodamine that was conjugated to the

same type of dextran macromolecules as the Calcium-Green

into the embryo and used two laser lines to record simultaneously

the fluorescent images of the two dyes. The paired images pre-

sented in Figure 1 (left: Calcium-Green, right: rhodamine) show

that there was no spatial or temporal change in the rhodamine

signal during cell cleavage, indicating that the observed changes

in the Calcium-Green signal are a true reflection of [Ca
++

],
vari-

ations.

We further tested the possibility that cytokinesis could be

blocked by lowering the intracellular level of free Ca++
. By in-

jecting into the four-cell stage embryos a Ca++ buffer (a 1 : 1 mix-

ture of free BAPTA and BAPTA conjugated to 70 kD dextran,

in final concentration 5 mA/), we were able to block cytokinesis

in the injected cell but not the uninjected sister cells. This result

is consistent with the notion that calcium signaling is involved

in cytokinesis.

We are currently investigating the source of Ca++
ions that

give rise to the cytokinesis signal. We have examined the effects

of a number of pharmacological reagents that selectively inhibit

various Ca receptors or channels. Our preliminary results in-

dicated that the cytokinesis-associated elevation of [Ca
++

], comes

mainly from internal stores effected by an inositol-trisphosphate

pathway (5).

We thank P. Xie for her technical assistance. This work was

partially supported by grants from NSF, BRI. and RGC.
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Video Light Microscopic Imaging of the Calcium Signal that Initiates Nuclear Envelope Breakdown

in Sand Dollar (Echinaracnius parmd) Cells

Robert B. Silver (Cornell University and Marine Biological Laboratory)

The details of the cellular mechanisms that initiate mitosis

are still unresolved. Current thinking holds that transient ele-

vations in the concentration of intracellular free calcium ion

(Ca
2+

j, controlled by Ca2+-regulatory endomembranes closely

associated with the nucleus and later with the mitotic apparatus

(MA), trigger specific mitotic events [i.e.. nuclear envelope

breakdown (NEB), onset ofanaphase (AO) and cytokinesis (e.g..

1-4)]. This paper presents the first observation ofaCa2+
,
increase

correlated with a specific structural event (NEB) during the cell

cycle.

My working hypothesis is that Ca2+
-containing microdomains

(5, 6) occur within the MA and the mitotic cell (2, 12-16), and

that the Ca2+
,
concentration in these microdomains is regulated

locally by the very ATP-dependent Ca2+
sequestering endo-

membranes that delimit these compartments. Moreover, the lo-

cal regulation results in transient changes in Ca2+
, concentration;

discrete amounts of Ca2+ are released to the cytoplasm to effect

a transient elevation of Ca2+
,
within a defined region of space

(< 1 ^m 3

) and time (100 ms or less). This limited release of

Ca2+ j
is called a quantum emission domain, or QED (5). A Ca2+r

QED is the smallest component of a complex signal: i.e., a dis-

tinct spatial and temporal pattern of Ca2+
,
released to one or

more cytoplasmic binding sites that initiates a particular Ca
2+

-

dependent process.

Transient elevations in Ca2+
,
concentration during the cell

cycle were detected with a photon-counting video camera as

bright observable blobs (BOBs; defined in 6) in second cleavage

sand dollar (Echinaracnius pamia) blastomeres cultured in Ca2+-

free Jamarin artificial seawater (Jamarin Laboratory, Inc., Osaka,

Japan; 12, 13). The photon-counting camera used in this study

was a dual microchannel plate intensified saticon device (C-2400-

20 from Hamamatsu). When incident photons strike the face-

plate of the intensifier, a cloud of electrons proportional to that

number of photons is produced in the microchannels and pre-

sented to the faceplate of the saticon camera. The blastomeres

were injected with 10 pi doses of semisynthetic aequorin (16)

shortly after the first cytokinesis following fertilization, and ob-

served by multispectral video microscopy (5-1 1) in the dark at

14C. Two-cell embryos provide one experimental and one (sis-

ter) control cell; their activities would otherwise be identical.

Moreover, because blastomeres in the second cell cycle are free

of the effects of fertilization activation, they more closely resem-

ble subsequent cell cycles. Sand dollar embryos are well suited

to these experiments: they are nearly transparent, and they un-

dergo the early cell cycles with near-perfect synchrony.

Large populations of BOBs arose from the perinuclear region

6 min before NEB (40-s duration). The resulting patterns were

observed from one cell cycle to the next in a single cell, from

cell to cell, and from batch to batch of eggs. As the cell is the

only location of aequorin, and thus Ca2+
-dependent lumines-

cence, the origin of the Ca2+
photons is intracellular, earlier work

from this laboratory demonstrated that the pre-NEB Ca2+
signal

originates from endomembranes, presumably portions of the

endoplasmic reticulum (2, 13, 14). The timing and duration of
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Figure 1 . .-I montage ofthe BOB pattern ofthe pre-NEB Ca
2
*, signal overlayed onto a differentia/ interference

contrast image of an aeauorin-loaded dividing sand dollar (Echinaracnius parma) b/aslomere. Each panel

shows one 33-m.s vide/ i frame captured at 5-s intervals. With the tools used here, relative BOB age is depicted

with pseudocolor: red for recent BOBs, progressing over 10 s to bluefor older BOBs, shifting one color value

per second, i.e.. red to red-orange to orange . .to blue. The large circle (O) is an oil droplet injected with

the aeauorin sensitive to Ca '*, at levels of 10~
s
molar, the nucleus is indicated by the white arrow. Note the

rapid onset and disappearance of the Co2
*, signal: it originates at the perinuclear region (arrow). Note also

the high degree ofsymmetry of the signal and the absence of a spatial arc to this signal. The clock time of

each frame is displayed at the top ofeach panel. The bar marker indicates 20 \nn.

these transient elevations in Ca2+
j
are consistent with the period

of the cell's sensitivity to increased Ca24
buffering; that is, when

buffering is applied during this same time period it inhibits NEB

(14, 15).

Analysis of the spatial and temporal pattern of the pre-NEB

BOBs demonstrates that the Ca24
, signal arises from, and is

roughly symmetric around, the nucleus. No lateral arc-like spatial

translation of the BOB origins was observed; i.e., there was no

"wave" ofthe sort that often accompanies fertilization. Inhibition

of the endoplasmic reticulum Ca2+
-pump with an affinity-

purified anti-Ca
2+
-pump IgG (13) rapidly elevated the Ca24

,

concentration.

The discovery and resolution of discrete, rapid transient in-

creases of Ca2+
,
within the overall Ca24

,
elevation associated with

NEB are suggestive of regulated, quantized pulses originating

from endomembrane stores. Ca24
buffering by the ATP-depen-

dent endomembrane Ca2+
-pump is a necessary and highly effi-

cient part of this regulatory system. Accuracy and precision in

signaling is, of course, critical to the regulation of mitosis. This

is a first step in deciphering the Ca24
, signals associated with the

control of the Ca24
-dependent steps of NEB, and supports the

hypothesis presented above. The initial computational analy-

ses of these BOB patterns are presented in an accompanying

paper (6).

Grant support by NSF to R.B.S. is gratefully acknowledged.

The author is also grateful to the reviewers and editor for their

many helpful and well-considered suggestions in the final prep-

aration of this manuscript.

Literature Cited

1. Harris, P. 1971. Exp. Cell Res. 94: 409-425.

2. Silver, R. B., R. D. Cole, and VV. Z. Cande. 1980. Cell 19: 505-

516.

3. Kiehart, D. P. 1981. J Cell Biol 88: 604-617.

4. Wolniak, S. M., P. K. Hepler, and \V. T. Jackson. 1983. / Cell.

Biol. 96: 598-605.

5. Llinas, R., M. Sugimori, and R. B. Silver. 1992. Science 256: 677-

679.

6. Silver, R. B., and S. Inoue. 1987. Biol. Bull 173: 420-421.

7. Silver, R. B., O. Shimomura, and S. Inoue. 1989a. J. Cell Biol.

109: 90a.

8. Silver, R. B., O. Shimomura, and S. Inoue. 1989b. J Cell Biol.

109: 90a.

9. Llinas, R., M. Sugimori, and R. B. Silver. 1991. Biol. Bull. 181:

1-4.

Llinas, R., M. Sugimori, and R. B. Silver. 1994. Pp. 133-137 in

Alolec. Cellular Mech. of Neurotransmitter Release. L. Stjarne, P.

Greengard. S. Grillner, J. Hokfelt and D. Ottoson, eds. Raven Press.

New York.

11. Silver, R. B. 1985. Biol. Bull. 167: 532.

12. Silver, R. B. 1986. PNAS&3: 4302-4306.

13. Silver, R. B. 1989. Dev. Biol 131: 1 1-26.

14. Silver, R. B. 1990. Ann. .V } Acad. Sci. 582: 207-221.

15. Shimomura. O., S. Inouye, B. Musicki, and Y. Kishi. 1990. Biochem.

J 270: 309-322.

16. Silver, R. B. 1986b. J Cell Biol. 103: 140a.

1 7 Silver, R. B., A. P. Reeves, M. Whitman, and B. Kelley. 1994. Biol.

Bull 187: 237-238.

ID



CELL DIVISION. CELL MOTILITY, AND DEVELOPMENT

Reference: Bail Bull 187: 237-238. (October. 1994)

237

Analysis of Spatial and Temporal Patterns in the Ca2+
Signal that Signals Nuclear Envelope Breakdown

in Sand Dollar (Echinaracnius parma) Cells

Robert B. Silver (Cornell University and Marine Biological Laboratory),

Anthony P. Reeves, Marcia Whitman, and Brian Kelley

Mitosis is a sequence of cytological events (1-3) resulting from

interactions among many biochemical pathways operating either

in series or parallel under the coordinated control of a cell cycle

clock (5-7). Intracellular free Ca2+
(Ca

2+
,) is believed to play a

central role in the regulation and timing of mitosis and in the

assembly and functioning of the mitotic apparatus (MA), that

control being mediated by endomembranes (4. 5. 8).

Our working hypothesis holds that local regulation of Ca2V
dependent processes and changes in Ca2+

,
concentration there-

fore occur within microdomains that include or are bounded

by ATP-dependent Ca
2+
-sequestering membranes within the MA

and mitotic cell (5-7. 9-11). A microdomain is an autonomous

compartment of minimal spatio-temporal volume within which

a signaled process can occur. A quantum emission domain

(QED) is a quantal signal element within spatio-temporal and

concentration space; the concept of a QED applied to Ca2+
sig-

naling at the synaptic pre-terminal (12. 13) and later for relatively-

thick (i.e., mitotic) cells ( 1 1). Within the model, and as observed

in aequorin-loaded cells (9-1 1), transient changes in Ca2+
i
are

expressed as QEDs of Ca2+
, (Ca

2+
,-QEDs) from intracellular

stores. To understand in detail the mechanism by which Ca2+

activates pathways essential for mitosis (e.g.. NEB, anaphase

onset), we must identify the spatial and temporal patterns of

Ca2YQEDs in mitotic cells (5. 6. 9. 10).

Ca2+
,-QEDs were detected by multispectral video microscopy

during the cell cycle in second cleavage sand dollar (Echinarac-

nius parma) blastomeres. that had been injected with semi-syn-

thetic aequorin (14) shortly after the first post-fertilization cy-

tokinesis. Two-cell embryos yield one experimental and one

(sister) control cell whose activities would otherwise be identical

(e.g., 4, 5). Observations were performed in the dark to preclude

stray light effects, and in a room maintained between 12 and

14C for the health of the sand dollar embryos. Images were

recorded on videotape. Analog video frames were digitized and

prepared for subsequent computational analysis. The typical data

set consisted of an isovolume of 640 pixels X 480 pixels X 800

frames, in which a pixel corresponded to 0.5 micrometer on a

side, and each video frame corresponds to 33 ms. Observed

events were classified into two categories based upon noise anal-

ysis: shot noise (events that lasted for one 33-ms video frame or

one 16.7-ms video field), and bright observable blobs (BOBs)

(events lasting two or more 33-ms video frames). BOBs typically

lasted 67 to 100 ms(ll). Each BOB in a data set was considered

to be a potential point of origin, and near-neighbors were defined

as BOBs that could be linked to the origin BOB or a preceding

BOB by a set of parameters defining its position in space, its

velocity (in pixel/frame), and its acceleration. Linkage was sought

for a minimum of four BOBs along a trajectory defined by the

set of parameters. Parameters were chosen to identify matches

among BOBs along straight lines, "kinked" lines, and curves in

which velocities ranged from to 1 pixel per frame. Each of

four or more BOBs along a trajectory was considered to be a

Ca2YQED. Data and resultant analytical summaries can be dis-

played in tabular and graphical formats. Calibration of the aeq-

uorin signals was performed as previously described (12).

Ca2+
-dependent luminescence, seen as BOBs. arose from

throughout the volume of the spherical (70 ^m diameter) second

cleavage cycle sand dollar blastomeres. Some observed events

appear to originate outside the cell; in fact they are intracellular

and are scattered and refracted by the cell and chamber. Analyses

show that light subject to intracellular scattering, as well as events

seen outside the cell due to 4;r radiation from the cell acting as

a self-luminous body, are random and unlikely to appear at a

given site with any temporal regularity; such events did not meet

the criteria for BOBs and were omitted from these analyses.

Ca2+j-QEDs originating outside the plane of focus contributed

little to the results presented here. Six minutes prior to nuclear

envelope breakdown (NEB) a Ca2+
, signal arises from the peri-

nuclear region. This pre-NEB signal lasts for 40 s, consistent

with earlier reports from this laboratory (e.g., 5, 6, 9-1 1 ).

Computational analysis of pre-NEB Ca
2YQEDs demonstrated

a wide array of spatial and temporal attributes: ( 1 ) Ca
2+
,-QEDs

occur within microdomains of 3 to 10 micrometers along a spa-

tial axis and 900 to 3000 ms along the temporal axis (e.g.. 1 1.

12); (2) BOBs and Ca2+
,-QEDs last between 16.7 and 100 ms.

and the minimum lifetime may be shorter; (3) matches occurred

among 40 to 45% of the BOB within data sets of 1000 or more

BOBs; (4) the ratio of matches among observed data sets versus

those among random data sets exceeds 75:1. for observed data

sets of 400 to 1 100 BOBs in an isovolume: (5) when acceleration

among adjacent, co-linear Ca2+
,-QEDs is factored into the anal-

ysis, no matches are seen with random data sets; (6) Fourier

analyses of pre-NEB imagery show that different regions produce

Ca2+
,-QEDs with distinguishable power spectra (i.e.. different

patterns ofCa2+
,-QEDs): (7) near-neighbor analyses demonstrate

that individual sets of Ca2VQEDs occur along linear tracks ex-

tending less than 15 micrometers; (8) the observed velocity (mi-

crometers/s. i.e.. 0.5 micrometer pixels/33-ms frame) of indi-

vidual Ca:+
,-QEDs along linear tracks exceeds those predicted

from random data sets; (9) the minimum refractory period for

a given point in the cell emitting a Ca 2VQED was forty 30-Hz

video frames: ( 10) temporal filtration of video imagery to show

only those Ca2+
,-QEDs occurring within the above noted repeat

period are principally located in the perinuclear region and along

the linear tracks which criss-cross the perinuclear region: (11)

in no case were spatial arcs of Ca2VQEDs found in either ob-

served or random data sets. From these observations we conclude

that (1) Ca2VQEDs are real, discrete events; (2) Ca2+,-QEDs
occur within microdomains; (3) Ca

2+
,-QEDs associated with pre-

NEB signaling occur principally along linear tracks whose tra-
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jectories cross the perinuclear region at various angles relative

to one another; (4) individual Ca2VQEDs are separated in space

and time by distances that correspond to velocities of

15 micrometers s~'; and (5) no "waves" ofCa2+
,-QEDs are com-

ponents of the pre-NEB Ca2+
, signal. Given the regularity of

observed spatial and temporal frequencies of BOBs along estab-

lished trajectories, we suggest that precise regulation of the am-

plitude and frequency of Ca2
VQEDs, and thus [Ca

2+
,] is a nec-

essary feature of the cell's regulation of mitosis.
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Inhibitory Cell-Cell Interactions Control Development in the Embryos of Cerebratulus lacteus

Jonathan Q. Henry (University of Illinois, Department of Cell and Structural Biology, Urbana, IL 61801)
and Mark Q. Martindale

Previous work by Horstadius (1,2) supported the contention

that the cells of the early embryos of the nemertean Cerebratulus

lacteus possess the ability to regulate their development when

they are separated at the two- and four-cell stages. Horstadius

( 1 ) claimed that all of the blastomeres isolated from the two-

and four-celled embryo were able to form both a gut and an

apical organ. Recent cell lineage studies reveal that all blasto-

meres of the four-cell embryo contribute equally to the formation

of the gut and the apical tuft (3, and Henry and Martindale, in

prep); thus the differentiation of these two cell fates by the isolated

four-celled stage blastomeres must represent an inherent feature

of their development. Horstadius ( 1 ), therefore, did not actually

demonstrate that these four cells are capable of displaying cellular

regulation when raised in isolation. Here the term "regulation"

is being used to denote the ability of isolated cells to generate

missing structures that they would not normally produce in the

intact embryo. Although pilidia larvae are fairly simple in their

organization, they possess a number of other differentiated cell

types, including an elaborate system of subepidermal muscle

fibers. We have shown that only two of the four cells in the four-

celled embryo (the left and right ventral blastomeres, LV and

RV) contribute to the formation of the larval muscle fibers, while

the other cells (left and right dorsal blastomeres, LD and RD)
do not (Henry and Martindale, in prep). The basic lineage of

these cells is diagrammed in Figure la, and the normal distri-

bution ofphallacidin-labeled larval muscle fibers is shown in Fig-

ure Ib.

To test whether embryonic cells of C. lacteus can regulate,

we isolated the blastomeres from four-celled embryos and assayed

lor the development of larval muscle fibers, using Bodipy-phal-

lacidin, a fluorescent marker for filamentous actin (Molecular

Probes, Eugene, OR). Since one cannot distinguish between the

identities of the four blastomeres at the time they are separated,

the blastomeres were cultured as sets, and only cases in which

all four of the isolated cells survived were scored. Twelve com-

plete sets of isolated four-cell-stage blastomeres (48 quarter em-

bryos) were successfully raised in separate culture wells in filtered

seawater (FSW) for three days at 18-19C. The complementary
sets of "quarter larvae" were fixed in 10% formalin overnight at

4C, washed in FSW, and stained with phallacidin.

In five sets, all four members formed well-differentiated muscle

fibers. In another six sets, three of the four larvae contained well-

differentiated muscle fiber cells, but the fourth member did not.

In the twelfth set, only two of the quarter larvae formed muscle

fiber cells. Without additional cell-specific markers, it is not pos-

sible to determine the exact dorsal or ventral fate of the few

isolated cells that did not form muscle fibers. Of the 48 individual

quarter larvae examined, all formed a gut and only 4 did not

form an apical organ and tuft. The typical form of development

displayed by the quarter larvae is shown in Figure Ic, where

differentiated muscle fiber cells are clearly seen.

These results indicate that the two dorsal blastomeres (LD
and RD), which normally do not contribute to the formation

of muscle fibers, are able to form them when separated from

the ventral cells (LV and RV). This finding indicates that the

progeny of the ventral blastomeres normally inhibit the for-

mation of larval muscle cells by descendants of the dorsal blas-

tomeres in the intact embryo. Mounting evidence suggests that

such inhibitory interactions control development in other or-

ganisms as well (4).
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Figure I . (a) Diagram illustrating the basic early cell cleavage pattern

and ultimatefates ofthe two ventral cells L I

'

and R \

'

(shaded) informing

the pilidium lun iu oj Cerebratulus lacteus. The larva is illustratedfrom
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the left side. (L I

'

and R I
') left and right ventral blastomeres, (LD and

RD) left and right dorsal blastomeres. LV and RD contribute to the for-

mation ofthe ventral halfofthe larva and also generate the musclefiber

cells, (b) Fluorescence micrograph showing the distribution ofred fluor-

escent Bodipy-phallacidin in the 3-day-old larva ofC. lacteus (left lateral

view). Bodipv-phallacidin label is associated with the apical organ, gut

and the muscle fibers, (c) Fluorescence micrograph showing the distri-

bution ofredfluorescent Bodipy-phallacidin in a typical 3-day-old "quar-

ter" larva ofC. lacteus developed from one cell isolatedfrom a four-celled

embryo. Bodipy-phallacidin labeled muscle fibers are present, (ao) apical

organ, (at) apical tuft. (Ipt) lappet, (gt) gut. (mf) musclefibers. Scale bar

is approximately 50 urn.

Reference: Biol. Bull 187: 239-240. (October.

Oscillations in Free ICa
24

]i During Early Cell Division Cycles in Xenopus laevis Embryos
Brent Miller (Marine Biological Laboratory), Amrit Chauhan, Lionel F. Jaffe, and Andrew L. Miller

Two recent reports, both utilizing ultrasensitive recombinant

aequorins (1), clearly demonstrate [Ca
2+

],
oscillations in devel-

oping Xenopus embryos. Such oscillations also occur in embryos

bathed in calcium-free medium, in artificially activated eggs,

and in cleavage-blocked embryos. Taken together, these results

suggest that such oscillations are associated with an autonomous,

periodic, cytoplasmic activity that controls cell-cycle events. In

the first of these reports, however, aequorin-generated light was

collected only from the vegetal hemisphere of the developing

embryo (2), whereas in the other, light was collected only from

the animal hemisphere (3). This difference reflected the orien-

tation of the photon-counting device in the two laboratories;

moreover, because the Xenopus egg is opaque, these recordings

could not represent the light output from the entire surface of

the egg. Here we extend these findings by using a mirror device

(Fig. 1A) to collect light from more of the egg surface. Kubota

c/ til. (2), collecting light emission from the vegetal hemisphere

(where there are no pigment granules), used both wild-type and

albino embryos. Whereas Keating et at. (3), collecting light from

the animal hemisphere, used only albino embryos, thus avoiding

potential differences in light output resulting from pigment

granule movement. As we collected light from both the vegetal

and animal hemispheres via our mirror device, we also used

only albino embryos.

By methods previously described, eggs were collected from

frogs (3), and injected with about 10 nl of/aequorin (4). Injected

eggs were then immediately loaded into the device illustrated in

Figure 1A.

The results illustrated in Figure 1 B (a representative example:

n =
12), confirm the earlier findings from the animal pole (3)

and the vegetal pole (2). Thus, similar data from all three studies

were recorded from albino eggs developing in a medium con-

taining calcium. In our case the medium was artificial pond
water (APW) made up as follows (in mA/): 41 NaCI, 0.13 KC1,

0.069 NaH 2PO4 , 0.08 NaOH, 0.60 HEPES, 0.037 CaCl 2 , and

0.0 1 3 MgCl 2 . However, as Figure 1 C (a representative example;
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Figure 1. Sequential computed images of a compressed Lytechinus

variegatus :vgote at S-, 16-. and 32-cell stages. All spindles in side view,

regardless of orientation, show up as while areas of/ugh birefringence.

The metaphasc plate coincides with the plane ofcytokinesis. These images

were generated using Oldenbourg's new pol-scope (5). Four images were

taken at different compensator angles: from ihese a computed image with

a pixel brightness proportional to the sample birefringence regardless oj

specimen orientation was rapidly and automatically calculated.

compressed between two thin sheets of agarose (3) or between

a sheet of agarose and a coverslip. Compression down to 20 ^m
was achieved. These compressed embryos were then mounted

in a micro-drop chamber for observation with either a polarized

light microscope (4) or a novel pol-scope (5). Development was

followed by time-lapse video. With the new pol-scope we were

able to visualize spindles in any orientation in the plane of focus.

This allowed us to predict the cleavage pattern of the embryos

more precisely (Fig. 1 ).

In embryos that were compressed between two sheets of aga-

rose, we observed that highly flattened embryos continued to

cleave as a monolayer. Overnight these embryos reached several

thousand cells and after 1 5 h ofdevelopment, the cells had spread

out over several fields of view. In one such embryo, we did ob-

serve the formation of micromeres at the 16- and 32-cell stages.

These embryos showed no evidence of differentiated structures

(ciliated cells, spicules, etc.).

Embryos compressed between coverslip and agarose sheet did

not remain highly compressed. These embryos began forming

a second layer of cells at the 5th cleavage (32 cell stage). In these

embryos, epithelial differentiation, ciliogenesis, and perhaps even

primordial spicule formation were observed.

These results show that highly compressed embryos can con-

tinue to divide despite a forced repositioning of the spindle. We
have reason to believe that the commonly observed inability of

eggs to proceed beyond one or two divisions when sandwiched

between slide and coverslip is due to depletion of the oxygen

supply; it is clearly not due to deformation from compression.

In this connection, Ziegler has managed to grow compressed

eggs to cleave up to the 64-cell stage by perfusing the slide con-

stantly with fresh seawater (2).

We plan to use this technique, in combination with 4-D po-

larized light microscopy, to observe the behavior of spindles in

compressed blastomeres in order to study the precise behavior

of the spindle preceding a critical unequal cleavage and to explore

the localized distribution of the vegetal pole determinant.

We would like to thank Ted Inoue for his assistance and ad-

vice, and R. Oldenbourg for the use of the new pol-scope. We
would also like to thank Universal Imaging Corp. for a Physi-

ology post-course fellowship to F.R. This work was supported

by grants R37GM3 1617-13 from NIH and MCB-8908 1 69 from

NSF to S.I.
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Leukotriene B.,, an Arachidonic Acid Metabolite, Regulates Intracellular Free Calcium Release

in Eggs and Mitotic Cells of the Sand Dollar (Echinaracnius parma)
Robert B. Silver (Cornell University and Marine Biological Laboratory), Jeb B. Oblak,

Gwendolyn S. Jeun, Jenny J. Sung, and Timothy C. Dutta

Regulation of intracellular free calcium (Ca
2+

,
concentration

is a central feature in the control of Ca2+
-dependent cellular

processes. This regulation, which sometimes occurs within mi-

crodomains, involves controlled movement across endomem-

branes [e.g.. nuclear envelope breakdown (NEB) (1-4); the

plasma membrane (e.g.. synaptic transmission [5-7]); or a com-

bination of both (8-10)]. It also involves ATP-dependent Ca2+

pumps and Ca2+
channels. Although similar in general function

(i.e., control of the passage of Ca2+
across a lipid membrane),

such controls on the plasma and endomembranes differ in their

specific mechanics. Endomembrane Ca:+
pumps differ from

plasma membrane Ca2+
pumps in their primary structures, con-

figurations, modifications, and kinetic properties (1 1, 12). Like-

wise, the Ca2+ channels of endomembranes and plasma mem-

branes, upon which agonists act to evoke transient localized ele-

vations of Ca2+
, (Ca

2+
,-QEDs; 5-7, 14. 37), appear to differ in

characteristic fashions.

To date, two compounds are known as agonists that release

Ca2+ from endomembrane stores: 1,4,5-inositol trisphosphate

(lAS-IP^) and cyclic ADP-ribose (8-10). Typically, processes

that utilize these two agonists rely upon initial stimulation or

activation at the plasma membrane.

NEB seems to be preceded by a Ca2+
transient derived from

endomembrane stores rather than by external stimuli mediated

across the plasma membrane (1-4, 13-16). Thus we reasoned

that another agonist, generated locally and present for a very

brief period of time, should be responsible for evoking Ca:+
,

transients and thus triggering NEB or other processes signaled,

initiated, coordinated, or controlled by intracellularly derived

Ca2+,-QEDs. Arachidonic acid (AA) derivatives play a role in a

wide variety of cellular processes (17, 18), including vascular

contraction cycles (19), neutrophil activation (20-22), long-term

potentiation and S-K+
channels in hippocampal neurons (23,

24), activation of DNA synthesis (25), aggregation of marine

sponge cells (26), and activation of tumor necrosis factor (27).

Therefore we sought to determine whether AA metabolites gen-

erated at the endomembranes could serve as a suitable agonist

in eggs and mitotic cells.

The potential role of AA or major AA-derived branch-point

metabolites as agonists for release ofCa2+ from endomembrane
stores of eggs and mitotic cells of sand dollar (Echinaracnius

parma) was tested directly ;/; vitro and in vivo. In vitro tests were

performed on endomembrane fractions isolated from eggs or

mitotic cells. Individual endomembrane fractions, resolved on

sucrose gradients (28-30), were tested for their ability to achieve

ATP-dependent Ca
2+

uptake; we used a spectrophotometric assay

for Ca2+
uptake and release by endomembrane fractions, with

the metallochromic dye antipyrylazo III as the Ca2+
indicator

(29, 30). Compounds were tested at final cuvette concentrations

ranging from 10~
9
to 10

5 M in log/2 steps. Under the conditions

used here, the minimal effective concentration in vitro for LTB4

was 10
7
A/. Individual experiments were repeated between four

and six times, with replicates of triplicate assays performed on

each fraction tested.

Results from a typical experiment are presented in Table I.

Of the four endomembrane fractions resolved on sucrose density

step gradients, only that fraction corresponding to heavy en-

doplasmic reticulum exhibited ATP-dependent Ca2+
-uptake ac-

tivity (this work and 28-30), and also showed agonist-dependent

Ca2+
release activity when challenged with 1,4,5-IP 3 . Endo-

membranes that were loaded in vivo and that retained their Ca:+

were exposed to a pulse of candidate agonist at final cuvette

concentrations of 10~
5
to 10~

8
molar, and the release of Ca2+

from those vesicles and reticula was assayed as a function of

increase in optical absorbance (A 7 io-A79o) (29, 30). Among the

tested compounds that elicited no release of Ca2+ from isolated

endomembrane stores in vitro was AA, prostaglandins (G2 , H 2 ,

E2 , F2a ), thromboxane A : , leukotriene A4 (LTA4 ), leukotriene

C4 , leukotriene A 5 , leukotriene C 5 , leukotriene B 5 , and oxidized

leukotriene B4 (LTB4 ). Ca
2+

release from endomembranes was

elicited in viiro by LTB4 .

To test the efficacy of AA metabolites as agonists of Ca2+

release from endomembrane stores in vivo, candidate agonists

were microinjected into aequorin-loaded (31) sand dollar (Echi-

naracnius parma) eggs or mitotic blastomeres, and the emission

of Ca2+
-dependent photon signals was followed as previously

described (5-7, 15, 16). Compounds were tested at tip concen-

tration ranges between 10~
9 and 10~

3 M, with a final equilibrium

dilution factor estimated at about 10
4

. Aequorin preparations

were generously provided by Dr. O. Shimomura (Marine Bio-

logical Laboratory) and his colleagues Drs. Inouye, Musicki, and

Kishi. The microinjection method used in this study (2), origi-

nally developed by Hiramoto (32), relies upon an oil droplet

injected with the aqueous sample. The candidate agonists tested

were partially dried from ethanol stock solutions, diluted into

dimethyl sulfoxide (DMSO), reconcentrated under dry N 2 gas

and then diluted in injection buffer (Ca
2+

-free phosphate buffered

saline; 2, 30). To reduce the possibility that the samples would

oxidize before being injected, they were kept in the dark and

under dry N 2 gas until just before the pipette was loaded. Given

the high degree of solubility in aqueous media of the AA me-

tabolites and the rapidity of the microinjection procedure, it was

assumed that the majority of the sample remained in the aqueous

phase before injection. Control injections of injection buffer,

DMSO diluted 10-fold in injection buffer, deionized H 2O, and

vegetable oil elicited no detectable Ca2+
-dependent aequorin lu-

minescence. Each condition was tested at least four times, in

separate cells to assure reproducibility of the detected response

(e.K-. 2).

The same group of substances tested in vitro (Table I) was

tested in vivo, with identical results. Again, of all the AA-derived

candidate agonists, only LTB4 elicited a release of Ca2+
from



CELL DIVISION, CELL MOTILITY, AND DEVELOPMENT 243

Table I

Effects ofarachidonate metabolites upon Gr +
releasefrom endomembrane subtractions

Agent

Concentration of Ca2+
upon exposure to compound tested

Gradient step
1

Pathway branch 0.25/1.0 1.0/1.3 1.3/1.5 1.5/2.0

Leucotnene B4
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Muscle Fine Structure and Microtubule Birefringence Measured with a New Pol-Scope

Phong T. Tran, Shinya Inoue, Edward D. Salmon, and Rudolf Oldenhourg

(Marine Biological Laboratory)

The polarized light microscope has traditionally been an im-

portant tool for studying fine structure in living cells (1, 2).

However, conventional design allows for retardance imaging only

in a narrow range of orientations. One of us (RO) has improved

upon conventional design by developing a new type of polarizing

microscope (pol-scope), which can measure the retardance due

to specimen anisotropy irrespective of orientation. The design

of the new pol-scope is based on the traditional polarizing mi-

croscope but has two essential modifications: (a) the specimen
is illuminated with nearly circularly polarized light, and (b) the

traditional compensator is replaced by two liquid-crystal variable

retarders. The liquid-crystal variable retarders form a "universal

compensator" that is driven electrically, eliminating the need

for any mechanical readjustment to the optical components. A
video camera and computer-assisted image analysis provide

measurements of specimen anisotropy for all points of the image

constituting the field of view (3).

We used the pol-scope to measure the retardance of striated

muscle for testing the reliability and imaging efficiency of the

new pol-scope. Frog sartorious muscles were fixed with glutar-

aldehyde and osmium tetroxide solutions and embedded in resin,

then sliced into thin sections and mounted in a matching index

medium (Euparal) on a strain-free microscope slide. We imaged

gold and purple sections which are about 180 nm and 360 nm
thin, respectively. Figure la shows the birefringence of the same

region of a thin muscle section measured at different angular

orientations. Irrespective of orientation, we clearly observe the

myofibnllar fine structures, consisting of isotropic Z lines, weakly

birefringent I bands, and anisotropic A bands (Fig. Ib). We mea-

sured retardance of 0.22 0.03 nm (n
=

7] for the 180nm
muscle section, and retardance of 0.35 0.02 nm [n

=
7] for

the 360 nm muscle section averaged over the length of the

sarcomeres. These values are consistent with earlier measure-

ments (4).

We also used the pol-scope to measure the retardance of mi-

crotubules. Phosphocellulose-purified brain tubulin was allowed

to polymerize into long microtubules from the ends of isolated

sea urchin axonemes. Figure 2 shows the computer-calculated
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birefringence distribution of microtubules and their associated

axonemes. We can clearly detect the birefringence of microtu-

bules from the ends of axonemes: but our current measurement

setup cannot unambiguously differentiate between one micro-

tubule and multiple microtubules bundled together. Neverthe-

Figure 1. Birefringence of frog sartorious muscle 360 nm thin section

measured with the new pot-scope, (a) In the images shown here, the image

brightness and contrast detail remain the same irrespective <>t specimen

orientation: specimen rotated by angles indicated in tup right corner, (b)

Enlargement shows clearly thefine structures in sarcomeres in the myo-

ftbrits, consisting ofI bands. Z lines, and A hands. The brightness depicted

in the image is directly proportional to the retardance of the specimen,

with 0.5 nm retardance in brightest pixels. The same uptu \ used as de-

scribed in legend to Fig. 2.

Figure 2. Birefringence of microtubules (MT) polymerized off an ax-

oneme (A). Both Figures 1 and 2 are computer-generated images whose

pixel brightness is proportional to specimen retardance. The original data

were collected with a Nikon Microphot-SA microscope equipped with

100-watt Hg arc lamp illumination. tm> liquid-crystal variable retarders

(universal compensator) electronically controlled with variable voltages

(10-40 volts): Nikon 1.4 NA condenser: Nikon PlanApo 60X DIC 1.4 NA

objective: AfTI CCD C72 video camera: Scion LG-3 image grabber:

Macintosh Quadra 800: and processed using the custom-modified NIH

Image program.

less, the smallest measured retardance of the detectable micro-

tubules is 0.32 0.03 nm [n
=

50]. This appears to be the re-

tardance of single microtubules.

Thus, the new pol-scope permits excellent imaging of cellular

fine structures and precise measurement of their birefringence,

with the added advantage of orientation-independent specimen

placement. Its ability to visualize isotropic Z lines of the muscle

sarcomeres confirms that the pol-scope is optically at least as

good as or better than an excellent-quality conventional polar-

izing microscope equipped with polarization rectifiers.

We gratefully acknowledge the technical support of Dr. Guang
Mei, and support by A. V. Wilson summer fellowship from the

University of North Carolina to PTT, and NIH grants GM-
49210 to RO, GM-31617 to SI, and GM-24364 to EDS.
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Copper Induced Polymerization of Hemoglobin from the Ocean Pout, Macrozoarces americanus

Thomas A. Borgese (Lehman College, CUNY), Sharon Bourke, Bernardo Frias,

Donald Johnson, and John Harrington

Hemoglobins that polymerize are not uncommon among

amphibians, reptiles, and elasmobranchs, but are rare among
teleosts and humans. They are useful models for the study of

protein structure, function, and molecular evolutionary rela-

tionships. The freshwater teleost Hoplias malabarica (1), the

marine teleost Lophius americanus (2), and the clown fish, Am-

phiprion (3) are the only bony fishes reported to have hemoglo-

bins that polymerize. Hoplias and Lophius polymerize by form-

ing intermolecular disulfide bonds, while the polymerization

mechanism for the clown fish is, as yet, unknown. Among hu-

mans, hemoglobins Ta-Li, Mississippi, and Porto Alegre (4, 5,

6) have a single mutation involving the substitution of a cysteine

residue at different loci on the globin chain. We now report that

the ocean pout has a single hemoglobin with six sulfhydryl groups

per tetramer and polymerizes, in vitro, after oxidation with po-

tassium ferricyanide (K,Fe(CN)6 ) or cupric chloride (CuCl : ).

Procedures for hemoglobin purification by DE-52 cellulose

chromatography, molecular weight estimations by gel filtration

on G-100 columns, and urea gel electrophoresis for globin sub-

unit analysis have been described (2). Hemoglobin was incubated

with a two- to threefold molar excess of CuCU for 15 min in an

ice bucket. The excess copper was removed by dialysis or by gel

filtration from Sephadex G-25 columns equilibrated with 0. 1 M
K.-PO, buffer, pH 7.4. Thereafter 20-40 mg of the hemoglobin

was applied to and eluted from G-100 columns. One-mi fractions

were collected and the absorbance of each measured at 540 nm.

The approximate polymer molecular weight was estimated from

the elution volume of the peak tube. Hemoglobin solutions (0.5-

2.0 g/%) were also oxidized by adding 1-3 mg of potassium fer-

ricyanide per ml of hemoglobin.

lodoacetamide (lAA)-alkylated hemoglobin (15Mmoles/mg

hemoglobin) was dialyzed overnight, centrifuged, and subse-

quently treated with CuCli.

In a separate experiment, a 60-fold molar excess of beta-mer-

captoethanol (B-ME) was added to CuCli-treated hemoglobin,

incubated for 1 h, and dialyzed for 3 h before G-100 chroma-

tography. Untreated hemoglobin and hemoglobin treated with

CuCK alone served as controls and were dialyzed for the same

period.

The gel filtration profile of known molecular weight proteins

is shown in Figure I A. The inset graph is a plot of the log of the

molecular weight of each standard versus the elution volume of

the peak tube. The linear relationship indicates that the peak
tube elution volume provides a reasonable estimate of the pro-

tein molecular weight between 16,000 and 150,000 Da. (The

molecular weight fractionation range for Sephadex G-100 is

4X 10
3 and 1.5 X' 10

5
.)

The effect of CuCK on pout hemoglobin is shown in Figure

1 B. In the absence of the cation, the peak tube eluted at a volume

comparable to human hemoglobin, suggesting a normal molec-

ular weight for pout hemoglobin of approximately 60,000. The

addition of CuCl 2 results in a polymer with a minimum molec-

ular mass of 100 to 155 kDa, which corresponds to aggregates

of, perhaps, two to three tetramers.

Cupric-chloride-induced polymer formation may be inhibited

by prior incubation with IAA (Fig. 1C). Hemoglobin alkylated

with IAA elutes at the same volume as normal pout and human

hemoglobin, but in the absence of IAA, cupric-chloride-induced

20 30

ml ELUATE

50

Figure 1. Effect of copper on the polymerization ofpout hemoglobin.

(A) Sephadex G-100 columns (1 x 53 cm) calibrated with 5 mg each of

known molecular weight standards and eluted with equilibration buffer.

0.1 M K-PO4, pH 7.4. One-mi fractions collected and absorbance mea-

sured at 280 nm for gamma globulin and myoglobin and 540 nm for

hemoglobin. Inset: Log ofthe standard's molecular weigh/ plotted against

its peak elution volume. (B) Elution profile ofpout hemoglobin with and

without Cud?. Hemoglobin to CuCI2 ratio. 1:2. (C) Inhibitory effect of

7A4 on polymerization. Ten milligrams ofhemoglobin are incubated with

150 nmoles ofIA4 prior to the addition ofCuCI,. (D) Partial reversal of

CiiCI:-indiiced polymerization by a 60-jold molar excess ol B-ME.
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polymerization occurs. The difference in the peak tube elution

volumes for normal hemoglobin in Figure 1C relative to A and

B is that different columns were poured, calibrated, and used

for C and D.

Polymerization can be reversed by the addition of B-ME. In

Figure 1 D there is a partial but significant shift from the 1 60,000

molecular weight polymer to the normal 60,000 molecular

weight species.

The results obtained with CuCl : , including polymerization,

inhibition with IAA, and reversal with B-ME, were indistin-

guishable from those obtained when K,Fe(CN)(, was used as the

polymerizing agent.

Preliminary structural studies with urea gel electrophoresis

indicate that pout hemoglobin is a tetramer consisting of two

pairs of globin subunits.

In conclusion, pout hemoglobin has a molecular weight of

about 60,000, approximately six sulfhydry 1 groups per tetramer.

as measured bv PCMB titration. and consists of two dissimilar

subunits. It is polymerized, by K 3Fe(CN)6 or CuQ 2 , to polymers

corresponding to about two to three tetramers. Polymerization

is inhibited by IAA and reversed by B-ME, suggesting that po-

lymerization may be due to the oxidation of cysteine sulfhydryl

groups and the formation of intermolecular disulfide bonds.

This work has been supported by PSC-CUNY Grants #664308

and 665168 and NIGMS-NIH MARC Program Grant

#5T34GM-08182.

Literature Cited

1. Reischl, E. 1976. Comp. Biochem, Physio/. 55B: 255-257.

2. Borgese, T. A., et al. 1988. Comp. Biochem. Physiol. 91B: 663-

670.

3. Leibovitz, L., et al. 1986. New England Chap. American Fisheries

Soc. L'niv. Mass., Amherst (Abstract).

4. Blackwell. R. Q., et al. 1971. BBA 243: 467-474.

5. Adams, J. G., el al. 1987. Hemoglobin 11: 435-437.

6. Tondo, C., et al. 1963. Am. J Genetics 15: 265-279.

Reference: Biol. Bull 187: 247-248. (October. 1994)

Catalase Activity in Dogfish (Mustelus canis) Ocular Tissues

Seymour Zigman (University ofRochester School ofMedicine, Rochester, NY) and Nancy S. Rafferty

Lens epithelium contains catalase. whose enzymatic activity

is strongly inhibited by UVA exposure (1, 2). This enzyme pro-

tects the lens from H 2O 2-related oxidative damage. A decrease

in lens catalase activity would diminish its protective function.

This would increase the lens' oxidative stress. The purpose of

this work was to elucidate systems that protect the eye from

oxidative stress.

The breakdown of H 2O2 was measured with an O 2 electrode

(Microelectrodes, Inc.. MI-730), an oxygen meter (O M-7), and

an XY recorder. The system was preset at 21% oxygen with

H 2O. Beef liver catalase (Sigma) was the quantitative standard.

Fresh ocular tissues or 50 ^1 of the 15,000 X g supernates of

homogenates were added to Ringer's medium containing

0.88 mA/ H :O 2 . The increase in O 2 with time was recorded. The

same procedure was followed with 15,000 X g supernatants of

lens capsule epithelium that were exposed to radiation from a

Woods lamp or sunlight through a Pyrex beaker. UV-A was the

predominant radiant energy reaching the cells (i.e.. UVA ). The

protection of catalase activity against UV damage was also tested

by presoaking and irradiating samples in Ringer's medium con-

taining 10 Mg/ml of a-tocopherol or /3-carotene.

Retina and iris had the most catalase activity; cornea epithe-

lium and lens epithelium had 54-72% of the activity of these

pigmented tissues. Aqueous humor had only trace activity (see

Table IA). UVA exposure (75 J/cm
:
) reduced the catalase activity

of whole lens to about 50% of dark controls (Table IB). Beta-

carotene ( 10 Mg/ml) was ineffective in protecting whole lens cat-

alase activity, but a-tocopherol (10 Mg/ml) was protective. Lens

capsule epithelium 1 5.000 X g supernates were also exposed to

UVA (25 J/cnr); some samples contained total lens-soluble pro-

tein (TSP) or purified -crystallin (which protects proteins against

Table

A. Catalase activities in dogfish ocular tissues

Whole tissue 1 5K g supernatant

Tissue % O2 per minute per OD;80

Retina
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denaturation). Addition ofTSP did not protect catalase activity,

whereas Biogel A -50M purified a-crystallin did protect it (Ta-

ble 1C).

The catalase activity of dogfish ocular tissues, especially the

iris and retina, appears to detoxify ocular H :O: efficiently. The

epithelia of cornea and lens are less efficient in breaking down
H 2O 2 . It appears that a-tocopherol protects lens catalase activity

from UVA radiation, whereas /3-carotene does not. In addition,

a-crystalhn protected lens catalase activity from UVA-induced

inhibition.

Support: National Eye Institute Grant EY 00459 (S.Z.); EY
00698 (N.S.R.) and Research to Prevent Blindness, Inc. Thanks

to Bunnie R. Zigman for preparation of the manuscript.
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NG
-Monomethyl-L-Arginine Inhibits Arbacia Fertilization and Differentiation

Diane E. Heck. Jeffrey D. Laskin (UMDNJ Robert Wood Johnson Medical School),

Seymour Zigman. and Walter Troll

The amino acid L-arginine is crucial to a number of metabolic

processes including not only protein synthesis, but also the urea

cycle and polyamine metabolism ( 1 ). Recent studies also dem-
onstrate that l -arginine metabolites are important mediators of

cellular signal transduction (2, 3). Using eggs from the sea urchin

Arbacia punctiilata. we investigated the effects of a structural

analog of L-arginine, N
c
-monomethyl-i -arginine (NMMA), on

the fertilization process. NMMA inhibits crucial metabolic pro-

cesses involving arginine metabolism that are independent of

protein synthesis, in particular, the activity of the L-arginine-

dependent enzyme, NADPH diaphorase (4).

We have found that following fertilization, sea urchin eggs

contain NADPH diaphorase activity, as measured by oxidation

of nitroblue tetrazolium (2 raA/), which was inhibited by

NMMA. A characteristic of the fertilization process by sea urchin

eggs is an oxidative burst. This is associated with the production

of high levels of reactive oxygen intermediates, in particular,

hydrogen peroxide. Current studies indicate that hydrogen per-

oxide is required for fertilization (5). At low concentrations of

L-arginine, NADPH diaphorase generates superoxide anion as

well as hydrogen peroxide. Using fluorescence image analysis in

conjunction with the hydroperoxy-sensitive probe 2',7'-dichlo-

rofluorescin diacetate (DCFH-DA), we analyzed hydrogen per-

oxide production induced during the fertilization of sea urchin

eggs (6). Eggs were immobilized on poly-L-lysine treated cell

culture plates and incubated in seawater containing DCFH-DA
(5 fiM) in the presence and absence of amino acids. After 30

min the plates were washed three times in seawater, inoculated

with sperm, and fluorescence intensity quantified with a Merid-

ian ACAS 570 anchored cell analysis system equipped with a

5-watt argon laser; the excitation wavelength was set at 488 nm
and emission monitored at 525 nm. During fertilization, un-

treated eggs readily produced hydrogen peroxide (Fig. 1, panel

A). We found that when eggs are fertilized, there is an approx-

imately 10-fold increase in hydrogen peroxide over 10 min. Eggs

fertilized in the presence of 1 mA/ L-arginine (Fig. 1, panel B)

also produced significant amounts of hydrogen peroxide during

the fertilization process. But, in the presence ofNMMA (3 mM),
hydrogen peroxide production was markedly inhibited (90-95%),

an effect that could be overcome by the presence of 1 mA/ L-

arginine (Fig. 1, panels C and D, respectively). Both eggs and,

in particular, sperm contained catalase, which may also regulate

hydrogen peroxide production during development.
In further studies we have found that NMMA (0.1-3 mA/)

inhibits the fertilization and development process, as measured

by the percentage of fertilized eggs undergoing cell division 1 h

after fertilization, and the formation of rotating blastulas after

20 h. These effects were reversible by equimolar concentrations

of L-arginine. Taken together, these data indicate that L-arginine

is required for fertilization. In further studies it will be important

to determine the precise site of action of NMMA in the fertil-

ization process.

Research support was provided in part by NIH grants ES

03647 and ES 05022.
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Figure 1. Effects ofN-monomethyl-L-arginine on hydrogen peroxideformation during thefertilization of

sea urchin eggs. Eggs, immobilized on poly-L-lysine coated tissue culture plates, were incubated for 30 nun

with DCFH-DA (5 nM), incubated with sperm, and. after 10 min. analyzed with a Meridian ACAS anchored

cell analysis system. Representative images are presented. Panel A. untreatedfertilized eggs: panel B. eggs

treated with I mM L-arginine: panel C. eggs treated with 1 mM NMMA; panel D. eggs treated with 1 mM
NMMA in the presence of I mAf L-argininc. The color bar represents increasing fluorescence on a four-

decade log scale. Each panel .V/KW.V a representative field from 12 different scans.

Reference: Biol. Bull 187: 249-250. (October, 1994)

Enzymatic Hydrolysis of Tetriso as a Model for the Detoxication of the Neurotoxic Agent VX
Francis C. G. Hoskin (Marine Biological Laboratory) and John E. Walker

The enzymatic hydrolysis and thus detoxication of certain

organophosphorus acid anhydrides, commonly termed "nerve

gases," is now well documented ( 1 ). Some of these are P-F com-

pounds; all are powerful acetylcholinesterase (AChE) inhibitors,

which is the basis of their neurotoxicity. One such compound,
Soman, is hydrolyzed by a particular organophosphorus acid

anhydrolase (OPAA) found only in certain tissues of the ceph-

alopods. notably squid nerve, from which the enzyme has been

purified ( 1 ). A second generation of these highly toxic compounds
is typified by the military agent VX (2). Now, with a decline in

international confrontation, mild means of destruction are being

sought for all of these agents (3). Although VX is both extremely

hazardous and generally not available, a close analog, Tetriso.

originally synthesized for use in neurophysiological experiments

(4). is now revealing for the first time a detoxication pathway

directly applicable to VX degradation.
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The purification of an enzyme, organophosphorus hydrolase

(OPH), derived from Pseudomonas dimimita through genetic

manipulations and biochemical alterations, is the work of Wild

and colleagues (5) who have also made the enzyme available to

us. Briefly, this involves insertion of a Pseudomonas plasmid

into E. coll. growth to late log or early stationary phase, and the

resulting processing of a 38 kD protein to a 35 kD protein with

OPH activity. (Lack of evidence about a natural substrate is an

impediment in naming and numbering these enzymes.)

The degradation of Tetriso was measured in two ways. One
was by the loss of AChE inhibitory' potency (detoxication) by

the original Ellman reaction, termed the "indirect" Ellman, as

used by us (1). The second, termed the "direct" Ellman, is il-

lustrated with Tetriso itself now serving directly as a substrate.

Two spectrophotometer cuvettes contained, each, 2 X KT4
.A/

Tetriso in buffer, and the Ellman reagent dithionitrobenzoic acid

(DTNB), all at pH 7. After recording at 4 1 2 nm for 5 min, OPH
enzyme was added to the sample cuvette and recording was

continued. The absorbance went from 0.000 to -0.003 during

the 5 min. and linearly from 0.052 to 0.743 during the next 10

min. Readings were converted to ^moles Tetriso hydrolyzed per

unit of time and quantity of enzyme.
When Tetriso was incubated with OPH in the "indirect" mode

and detoxication was measured at 4 h. 0.01 ml OPH caused

96% detoxication. and 0.02 ml OPH caused 37% detoxication.

Boiled enzyme si vod no detoxication. The zero time meas-

urement gave a : ^rder rate constant for the inhibition of

AChE (a necessan ment in the "indirect" method)

of 1.76 X 10
6 l-molt

Tetriso was incubated with OPH in the "direct" mode over

the substrate (i.e.. Tetriso) concentration range 7 X 10~ 5
to

10~
2 M. The results of 14 determinations, processed by a com-

puter program, gave a KM of 6.7 X 10~
3M with a standard error

of 0.2%.

The enzymatic hydrolysis of Tetriso was followed by the "di-

rect" Ellman, and at predetermined times samples were removed

from the cuvette, diluted, and subjected to the "indirect" mea-

surement. The same experiments were carried out with the hy-

drolytic agent being an elevated pH of 1 1.5-12. The results sug-

gest that while alkaline hydrolysis of Tetriso cleaves any one of

the three ester bonds around the P atom of Tetriso (only one of

which produces an Ellman sensitive product), enzymatic hy-

drolysis shows a selectivity for the P-S bond.

A small amount of VX was available to us from experiments

conducted in the summer of 1979 (2). This had been held at

-80 and still gave a second order AChE inhibition constant of

3.2 X 10
7

1 mole" 1 min" 1

, in good agreement with the original

value of 3-3.4 X 10
7
(2). Although there was only enough VX

to permit a few experiments, we did determine that VX is de-

toxified and hydrolyzed by the Pseudomonas dimimtta-derived

OPH enzyme, but at about a fifth the rate found for Tetriso.

Neither Tetriso nor VX is hydrolyzed by the Soman hydro-

lyzing enzyme from squid ( 1 ).

The enzymatic degradation of Tetriso, the applicability of these

findings to VX, and the development of a rapid assay for these

reactions holds the promise of a mild means for the disposal of

unwanted stockpiles of a dangerous compound.
Dr. H. Dupont Durst of Edgewood RD&E Center, Aberdeen

Proving Ground, MD, and Dr. K. S. Rajan of Illinois Institute

of Technology Research Institute, Chicago, IL, facilitated the

support of this research. Ms. Diane M. Sleeves of the U.S. Army
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Lead Toxicity in Hermissenda crassicornis Embryos and Cultured Neurons

Catherine T. Tamse, Peter J. S. Smith, Amine Aloulou, Herman T. Epstein, and Alan M. Kuzirian

(Marine Biological Laboratory)

Morphological abnormalities, behavioral deficits, and learning

disabilities can be induced in mammals and other vertebrates

by lead poisoning (1.2). This study seeks to exploit Hermissenda

as a non-mammalian biomedical and toxicological research

model of heavy metal toxicity, particularly lead, and its effects

on the extensively studied learning and behavioral patterns of

this marine mollusc (3). We report the first results of a baseline

study on how lead affects the development of Hermissenda em-

bryos and the growth of cultured neurons.

Newly laid egg masses were collected from the Hermissenda

Resource Facility. Marine Biological Laboratory (MBL). Woods

Hole, Massachusetts, and processed for static, chronic toxicity

tests for lead. The egg mass was cut into 5-mm strands and

distributed individually into 50-ml conical tubes containing

natural seawater. The average number of embryos in each strand

was 1000. Three seawater regimes were used: ambient Lillie

building seawater without EDTA (LSW); Lillie seawater with

0.25 mg/1 (0.74 n.\l) EDTA (LESW), which we routinely use for

Hermissenda culture; and ambient Marine Resources Center,

MBL seawater (MSW). The following total lead acetate (PbAc)

concentrations were used: 0.05, 0.1. 0.5. 1.0, 5.0. 7.0, 10.0 mg/
1 (0.09, 0. 1 8. 0.9, 1.8.9,12.7.18 ^Af, respectively), plus negative

(no lead or EDTA added) and positive (no lead but with EDTA
added) controls. Each test concentration was replicated, and the

distribution was randomized. The tubes were incubated at 12C
and the embryonic development of 50 animals per treatment

was recorded after 6 days lead exposure.

For the chronic in vitro neuronal exposure to PbAc, cell culture

techniques developed for Hermissenda were followed (4). The

central nervous system (CNS) of Hermissenda was dissected,

digested in protease at 12C, incubated overnight, and washed

twice with 1.8% bovine serum albumin in artificial seawater

(ASW), followed by a final ASW wash. The CNS was cut into

four regions: left and right cerebropleural ganglia and left and

right pedal ganglia. Neuronal cells were then dissociated, trans-

ferred to a poly-L-lysine-coated culture dish (35 X 10 mm) con-

taining 3 ml of Leibovitz L-15 medium (5) supplemented with

inorganic salts. Dishes were then left in a 12C incubator until

examined 24 h later, and daily thereafter, for growth morphology.

Neurons 7- 14 days into culture, with well-established neuritic

morphology and stable growth, were exposed to PbAc. A 1 M
stock solution of PbAc was added directly to the L-15 medium
to obtain total concentrations of 0.5, 2.0, and 4.0 Mg/ml (0.9.

3.6, 7.2 nM, respectively). Lead-exposed neurons were observed

closely for the first 2-4 h for morphologic changes, and every

24 h thereafter. Cells were incubated in the L- 1 5 medium-PbAc
solution for 3-10 days.

The chronic toxicity tests clearly indicate that Hermissenda

embryos are sensitive to lead, and that EDTA must be added

routinely to LSW for their normal and synchronous develop-

ment. This implies that the small amount of EDTA (0.74 fiM)

added to seawater from the Lillie building was sufficient to chelate

an unknown heavy metal present in the seawater. Future tests

involving lead studies will be conducted using MSW until more

information is available about the apparent contaminant in LSW.

Toxicity effects observed were directly proportional to in-

creasing concentrations of lead. The time course for embryonic

development was lengthened and dominated by earlier devel-

opmental stages as the lead concentrations increased (0.5-

1.0 mg/1). At higher concentrations (5.0-10.0 mg/1) added to

ambient LSW. development was arrested at the morula stage

with resultant embryonic mortalities. Although embryos in all

seawater regimes reached the early veliger stage even after ex-

posure to 0.5 mg/1 PbAc and suffered no mortalities, their de-

velopment was significantly slower than that ofthe controls with

added EDTA. Lead added to both LESW and MSW had identical

effects up to 0.5 mg/1 lead levels.

Lead effects on cultured Hermissenda neurons seemed to be

age-dependent as well as concentration-dependent. Some cells,

7 days into culture, responded as early as 5 min after exposure

to 2 Mg/ml PbAc with cytoplasmic material streaming out of the

soma. After an hour, neurites of the remaining cells developed

a granular appearance, and neurite structural breakdown was

observed in some cells. Two days post-exposure, many dead

neurons were observed, but other neurons still appeared intact.

In older, more established cells (12-14 days into culture), a re-

sponse was seen only after an hour post-exposure with organelles

clustering at the junction of the soma and neurites. The devel-

opment in the soma of a yellowish-brown pigment with lipid-

like inclusions bodies, some nucleated, was observed more fre-

quently 5-10 days post-exposure. At this stage, neurons still ap-

peared intact but with neuritic disintegration at the distal edges.

At the highest lead concentration tested (4.0 Mg/m'). the eye and

other neurons began to shrink within 30 min. By day 5 post-

exposure, neurons were dead and mostly cellular debris re-

mained. At 0.5 Mg/m ' PbAc, no changes were seen in exposed

neurons even after 4 hours. The yellowish-brown pigmentation,

unidentified bodies within the soma. and disintegration along

the neurite branch were seen 3 days post-exposure at this con-

centration.

In summary, our preliminary findings indicate that lead at

low concentrations delays embryonic development of Hermis-

senda and is embryotoxic at higher concentrations. Neurons in

cell culture also show gross morphological changes. It appears
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that Hermissenda has excellent potential for use as a non-mam-

malian toxicological model By integrating whole animal and

cellular/neuronal studies on lead toxicity, we should also be able

to study its effects on the adult animal's well-documented learn-

ing behavior and memory storage.
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Hermissenda crassicornis Larvae Metamorphose in Laboratory

in Response to Artificial and Natural Inducers

Con.xita Avila. Adel Ariguc. Catherine T. Tamse, and Alan M. Kuiirian (Marine Biological Laboratory)

Hermissenda crassicornis (Eschscholtz, 1831). an opistho-

branch mollusc used as a model in neurobiological studies, is

being cultured in our laboratory. A major aim in opisthobranch

mariculture is to increase the rate and survival of metamorphic

veliger larvae to juvenile slugs. Several authors have reported

on the effects of natural and artificial substances that have in-

duced opisthobranch larvae to metamorphose (1,2, 3, and refs.

in 3). Therefore, to improve the rate of metamorphosis in Her-

missenda. we have tested the efficacy of the following putative

inducers: L-glutamic acid, magnesium chloride, biofilms, and

aqueous extracts of whole, or parts of, the hydroid Tubularia

crocea, the natural inducer currently used in our laboratory (4).

Hermissenda larvae were obtained from our laboratory cul-

tures. Competent larvae were obtained by standard culture

methods (4). Tubularia was provided by the Marine Resources

Department of the Marine Biological Laboratory. For each

treatment listed in Table I. two replicate 50-ml tubes containing

30 larvae each (45 days old) were prepared with filtered seawater

(FSW, mesh: 0.2 jum), EDTA (0.25 rng/1), and microalgae (as

food) (4). The tubes were held in bottles and rotated in a roller-

bottle system at 12C. Negative controls received no additional

treatment; positive controls had 3-4 polyps and stalks of Tub-

ularia added. Whole or selected portions of Tubularia (amounts

equal to the positive control) were homogenized in 3 ml ofFSW
to prepare aqueoi extracts, that were added either full strength

or diluted 50%. Biori were naturally grown on slides kept in

running seawater for < .<nth. Larvae were exposed to one

of the treatments for . s. Subsequently, they were all

changed to FSW (with EL) I , and algae), plus Tubularia to ( 1 )

feed the metamorphosed juveniles, and (2) to test the meta-

morphic competency of those larvae that failed to respond to

the initial treatment regime.

Each potential inducer, its concentration, and its metamorphic

success rate are listed in Table I. The minimum latency before

the onset of metamorphosis was 4 days. Some spontaneous

metamorphosis did occur in the negative controls, at a higher

than expected rate. Isolated Tubularia polyps did not induce

Table 1

Responses of larvae <>/ Hermissenda crassicornis to natural and

artificial putative nuliicerx ofmetamorphosis

Maximum % of metamorphic

success'

1

s'

part
3

2
nd

part
'

Treatments (days 0-10) (days 11-19)

Negative control
b
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metamorphosis, hut stalks alone did, giving a high percentage

(10-12%) of metamorphic success compared with the normal

success rates (5% in the positive control; see also ref. 2). A de-

crease in larval mortality due to prcdation by full-sized, mature

polyps is the putative explanation for this result. Also, the small

regenerating polyps on the stalks were easily eaten by juveniles,

which increased their survival. Aqueous extracts of whole Tub-

iilaria failed to induce metamorphosis, even when diluted. Di-

luted extracts of polyps or stalks alone gave small yields. These

results indicate either that a greater dilution is needed, or more

likely, the chemical cue is not present in the aqueous extract.

Biofilms. which induce metamorphosis in other molluscs (3. ?,

and refs. therein), gave smaller results than the positive controls.

Magnesium chloride alone had no inducing activity (no ju-

veniles were obtained during the first part of the experiment),

but it clearly enhanced the induction by Titbularia added during

the second part of the experiment (8.34% at 20 mAf). This is

comparable to the effect of potassium and other monovalent

cations which have also been reported to be inducers for other

molluscs (6, 7, 8, and refs. in 8). Glutamic acid gave high rates

of induction in both the first and second portions of the exper-

iment (maximum value of 8.34%) at an optimum concentration

of 10~
4

.\/. Glutamic acid has been reported to induce meta-

morphosis at 10~
6 A/ in another nudibranch (9).

All juveniles from the treatments were healthy and behaved

normally. These results will be applied to Hermissenda mari-

culture protocols to improve the rates of larval metamorphosis
and the numbers of animals produced for researchers.
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Ionic Fluxes During Wound Healing Following Segment Amputation in Sabellid Fanworms
Susan Douglas Hill (Department of Zoology, Michigan State University),

Alan M. Shipley, and Peter J. S. Smith

Sabellid fanworms (Annelida, Polychaeta) are well known for

their ability to undergo extensive regeneration following segment

amputation. A new head or tail can be regenerated at virtually

any level of the body; thus, if a worm is transected into many
fragments, many worms, with all body parts complete, result.

The early signals of injury in regenerating animals are virtually

unknown. Because the replacement of lost parts in fanworms is

very precise and quite rapid, these animals may be good models

with which to investigate events that initiate the regenerative

process.

During limb regeneration in urodele amphibians, ionic cur-

rents, highest shortly after amputation and persisting until blas-

tema formation, have been measured ( 1 ). More recently, ion

fluxes have been measured in association with the sealing mech-

anisms of transected giant axons of squid and earthworms (2).

We reported previously that ionic fluxes occur during wound
closure and healing in sabellid fanworms. Using a one-dimen-

sional vibrating probe system, we have measured a strong, tran-

sient, inward current immediately following segment amputa-
tion. This inward current was rapidly replaced by a persistent

outward current that reached a peak about an hour after am-

putation (3).

We used the noninvasive two-dimensional vibrating probe

assembly (4, 5) to investigate the currents associated with wound

healing following amputation of anterior segments in sabellids.

Portions consisting of 1 5 to 20 abdominal segments were isolated

from each worm. Measurements were made at the anterior

wound site. The configuration of an isolated fragment changes
with time. Immediately following transection, tissue debris is

lost from the injured somite. This is accompanied by a muscular

contraction around the amputation site. The resulting wound
area becomes quite concave, with the exception of the gut, which

protrudes centrally. Because of the constriction of the body wall,

the wound surface is reduced, becoming partially covered with

old epidermis. Our goal was to determine the pattern of net

ionic flux during wound closure and to investigate the relative

contributions of different tissues following transection. Because

of the complexity of the wound surface, we have measured volt-

age gradients in both horizontal and vertical planes.

The probe consists of an insulated wire electrode with an ex-

posed tip of platinum black that responds, relative to a reference

electrode, to voltage gradients produced by steady-state ion

fluxes. Each probe was independently calibrated against a KC1-

filled, current-passing, glass microelectrode. All measurements

were made in Millipore-filtered seawater.

By 1 h after amputation, high outwardly directed currents

were associated with the severed tissues (Fig. 1). Muscles of the

body wall generated high currents. The cut wall of the gut pro-
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Figure 1. Sabellidfanworm iransecied I h prcviuuxlv showing outwardly

directed currents from cut surface. (Scale bur ix 5 i

duced considerable flux. The ventral nerve cord is surrounded

by muscle in sabellids. Currents associated with it could not be

separated from those generated by the muscle masses. With time.

as the body wall contracted, the surface area over which outward

voltage gradients could be measured became more restricted.

Inward currents were detected over the intact epidermis adjacent

to the wound site.

The resulting current pattern is complex. Our results are con-

sistent with the hypothesis that strong positive currents leave

most or all of the severed tissues, resulting in a net outwardly

directed flux from the wound site and that currents return

through the adjacent epidermis and, at times, through the gut

lumen.

This work was supported by NIH grant P41RR01395 to the

National Vibrating Probe Facility, Marine Biological Laboratory.

Woods Hole, MA.
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Experimental Disinfection of Lobster Eggs Infected with Leucothrix mucor

Terrie J. Sac/usky and Robert A. Bullis (Laboratory for Marine Animal Health,

Marine Biological Laboratory, University ofPennsylvania)

The eggs of berried female lobsters delivered to the Massa-

chusetts State Lobster Hatchery from offshore fishing vessels

occasionally show signs of discoloration and swelling. Micro-

scopic examination of eggs revealed active infections by the fil-

amentous bacterium Leucothrix mucor ( 1 ), later confirmed by

differential growth patterns on specialized media (2). Lobsters

are presumably exposed to the pathogen during transport, when

they are held with Cancer crabs under crowded, unrefrigerated

conditions. Increased water temperature and high nutrient load-

ing are known to promote the rapid growth of Leucothrix (3).

Microbial fouling can be detected in the egg mass through

discoloration of the eggs, which swell and become opaque and

change from dark given or gray to pink, orange, or yellow. In

most cases, the initial infection occurs in the interior of the egg

mass and then spreads outward in all directions.

To identify a reliable means of control, infected lobster eggs

were removed by gentle teasing with forceps and collected in

sterile seawater at room temperature (a=25C). Infections were

confirmed by microscopic examination at 5X. Three eggs were

placed in each well of a 48-well culture plate and exposed to

solutions of 0.1. 0.5, 1.0, 5.0, 10.0, and 50% chlorine bleach in

sterile seawater for periods of up to 1 h. At 5-min intervals, eggs

were removed and transferred to solid medium (2). then checked

after 24 h for the presence of typical colonies. Unsterilized sea-

water and deionized water were added to solid medium as con-

trols: both were supporting bacterial growth by 24 h. All solutions

of chlorine suppressed growth at 24 h. The 0. 1% bleach solution

Treated eggs Control eggs

Treated
" Control

Figure 1. The mimher "I lohxter t'.i;,^ intected with Leucothrix mucor

over nine. All the exgx t control aninialx were dead hy day 6. Treated

uiiimalx continued to successfully hatch eggs for up to 10 duyx poxt treat-

ment
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allowed a breakthrough in growth after 48 h, but the remaining

cultures were still free of bacteria after 7 days.

A 5-min exposure to 5% bleach was selected for in vivo testing.

The abdomens of three infected lobsters were exposed by man-

ually suspending the animals in the solution. Lobsters with sim-

ilarly sized infections served as controls. Figure 1 shows a typical

response. The incidence of infection in untreated control animals

continued unabated until the entire egg mass was destroyed by

day 6. Infection was suppressed in treated animals for several

days, after which the bacteria once again began to spread. Treated

animals exhibited no signs of irritation at the treatment, and the

uninfected eggs in all experiments hatched normal healthy spawn
over the ensuing week.

Dilute chlorine solutions are effective in controlling the spread

of Leucothrix infections in the lobster. We recommend that lob-

sters suspected of carrying Leucothrix infection be given an initial

treatment upon their arrival at a holding facility, and a follow-

up treatment at day 5. This appears to be a safe, cost-effective

therapy.

The authors thank Michael J. Syslo of the Massachusetts State

Lobster Hatchery and Research Station and Elizabeth Wadman
for their assistance with this project.
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Microsporidian Spore Invasion Tubes as Revealed by Fluorescent Probes

Earl \Veidncr, S. B. Manale, S. K. Halonen. ami J. \V. Lynn (Department ofZoology and Physiology,

Louisiana State University, Baton Rouge, LA)

Microsporidian protozoa are intracellular parasites common
in arthropods and fish. The novel feature of these parasites is

the extrusion apparatus of the spore stage. The central compo-
nent of the apparatus is the polar filament, which consists of a

membrane-bound paracrystal coil of protein ( 1 ). When the spore

discharges, the polar filament converts into an invasion tube

through which the spore injects a host cell to initiate an infection

(2). In this investigation, we use video imaging to examine the

extrusion of the spore invasion tube and also apply differential

interference contrast optics (DIC). fluorescent probes, and stan-

dard electron microscopy. Diamidophenylindole (DAPI) and

diethylaminobenzophenoxazine (Nile red) were selected to dis-

tinguish specific components within activated microsporidian

spores: DAPI showed the position of the nucleus in discharging

spore tubes; and Nile red provided an intense fluorescence, which

enabled us to follow spore membrane movement during the

formation of the tube.

Nile red fluorescence was intense during membrane discharge

through invasion tubes, but this fluorescence was diminished

once the membrane had emerged at the tip of the tube as a sac

(Fig. 1A). Video analysis showed that at the onset of spore dis-

charge the Nile red fluorescence was highest at the distal end of

the emerging tube. Ultrastructural observations showed that these

tubes had double-membrane cylinders at the distal ends. Fully

extended discharged tubes appeared to have cylinders with only

a single membrane. Those discharged spores with extruded spo-

roplasms had invasion tubes with no membranes.

The DNA fluorophore. DAPI, labeled the nuclear component
of activated spores. Using DIC imaging with DAPI fluorescence,

we observed nuclear movement in association with the refor-

mation of the invasion tube and the emergence of the sporoplasm

sac. Sporoplasm sacs did not appear at the tube ends until the

latter had reached a maximum length of 70 ^m, and the spore

nucleus did not begin to traverse the tube until almost all of the

Figure 1 . Light optics showing discharging Spraguea lophii spores. (A)

.\ile /((/ labeling ofextruded sporoplasms (large spheres) and incompletely

extruded invasion tubes (single arrow). The invasion tube with two arrows

lacks fluorescence, probably because the membrane is absent. (B) DAPI

with DIC imaging. The nuclear component, indicated by blue fluorescence,

is confined to spores until most of the invasion lube has emerged. Note

thai in one invasion tube, the nucleus is at the end of the tube, but the

sporoplasmic sac has not emerged (arrow): another invasion tube shows

an emerged sporoplasm sac with the nucleus entering the sac. In a few

instances, sporoplasm sacs were observed in have emerged fully at the

ends of invasion tubes bill with the nucleus still midway in the tube. Bar

indicates 5 pin.
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discharged tube had emerged from the spore. In 1-2% of the

discharged spores with extruded sporoplasm sacs, the nuclei were

still within the invasion tubes (Fig. IB).

The fluorescence data support a developing model that the

membrane-bound polar filament of the discharging spore everts,

with membrane sliding on membrane, as the inner cylinder de-

livers polar filament protein to the tube tip and the protein sta-

bilizes into an outer polymer. When all of the invasion tube

protein is assembled, the remaining membrane continues to slide

out and contribute to the sporoplasmic sac at the end of the

tube. The sporoplasm seems, characteristically, to enter the spo-

roplasmic sac milliseconds after the emergence of the sac mem-
brane from the tube tip.
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Neural Network with Embedded Oscillators

Vladimir Makarenko (Institute for Mathematical Problems ofBiology,

Pushchino, Moscow Region. 142292, Russia)

In the present work I have focused on some aspects of the

dynamics of a simulated neural network consisting of excitatory-

neurons with a small number of embedded endogenous oscil-

lators. The main purpose was to see what kind of local and

overall dynamics such a network could have if it contained no

explicit inhibitory input. Networks with embedded pacemakers

are quite common in biological neural systems, and also quite

common are the difficulties that arise when electrophysiological

data only are taken as the basis for understanding the dynamical

processes in the network ( 1 ).

The model network consisted of 30 X 30 modulated neurons

of the fire-and-integrate type. The neurons were placed in the

nodes of a rectangular lattice with absorbing borders, and every

neuron had equivalently strong interconnections with eight

nearest neighbors. Five pacemakers, scattered over the network,

worked synchronously; they were connected unidirectionally to

eight nearest neurons.

Every simulation started with no neurons being excited except

for the pacemakers. Around every pacemaker an induced wave

of excitation appeared and propagated radially over the network.

In general, the dynamics of the network were very complex, but

depending on the strength of the interneural connections, the

network had two main modes of behavior: periodic and fully

synchronized. The weak periodicity of the overall activity was

at least one order of magnitude greater than the period of the

pacemakers (see Fig. la). The fully synchronized mode replaced

the weakly periodic behavior as the strength ofconnections were

increased. The connection strength required for the fully syn-

chronized mode does not occur naturally in normal biological

systems (Fig Ib). The particular feature that emerged was that

the colliding waves were annihilated; thus the pacemakers sup-

plied the network with a natural self-inhibition. This phenom-
enon was observed throughout the physiologically reasonable

range of parameters.

In summary, the embedded oscillators caused the whole net-

work to exhibit overall periodical activity; meanwhile the local

activities in the different regions of the network were not cor-

related. Annihilation of the colliding waves is a phenomenon
well studied in computer models of heart muscle (2) but not in

model neural networks. Indeed, this could be the mechanism

.5
, ,1

'
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Figure 1 . Tm> main modes ofactivity in the network when connection

strength is strong enough to excite surrounding neurons. Time is given

in steps E =
fraction ofexcited neurons in the network. (Top) The weak

periodicity produced by propagation oj waves of excitation. The back

slopes and minima correspond to the annihilation ofthe wave. Increase

in the strength ofconnections leads to decrease ofamplitude ofosci/lations.

(Botioin) The fully synchronized mode corresponding to strong connec-

tions. There are no waves; the whole network is oscillating. Activity is

presented by two stable antiphase configurations.

that protects the pacemakers from interference and thus provides

stability to the given mode of dynamics. In addition, the phe-

nomenon imposes borders of "influence" on the particular

pacemaker and self-inhibition in the network.

Supported by a fellowship from the James S. McDonnell

Foundation.
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Operational Properties of Voltage-Clamped Electroreceptive Ampullary Organ Excised from Raja
Jin Lit (University of Texas Medical Branch at Galveston) and Harvey M. Fishman

The extraordinary ability of elasmobranch fishes to respond

behaviorally to very weak electric fields ( 10 nV/cm) ( 1 ) is thought
to be due to the properties of the electroreceptive organ, the

ampulla of Lorenzini. We report here the operational voltage

range of an isolated organ based on the afferent nerve activity

for small voltage (microvolt) clamps of the ampullary epithelium

and the stimulus amplitude range for a linear response of the

ampullary epithelium.

2 -

H ^ 1 1 1 1 : 1 1 1 1 r~

120 100 80 60 40 20 -20 -40 -60 -80-100-120

Ampullary epithelium voltage (uV)

5 10 50 100 500 "00

Transorgan Voltage Stimulus -fiV ( rms )

Figure 1. (Top) Transfer characteristic ofan isolated ampullary organ

from skate. The firing rate ofthe afferent ner\c itinerating the preparation

relative to the resting firing rale is plotted in response to irans-ampullary

voltage clamps from ml' holding potential (IfPI To minimise effects

An ampullary organ consisting of a 3-cm length of canal with

ampulla, innervated by a 5-mm length of afferent nerve, was

excised from live, anesthetized skates (Raja erinacea and Raja

ocellata). The excised organ preparation was placed in a chamber

and solutions similar to those described previously by Clusin

and Bennett (2). Voltage control of the organ was implemented
with an epithelial voltage-clamp system (3) connected to four

chlorided-silver pellet electrodes. To voltage clamp the ampullary

epithelium, we placed the tip of a long, tapered, electrolyte-filled

pipette near the lumenal surface of the ampulla and used it to

input the trans-ampullary voltage (referenced to the basal side)

to the clamp system. All experiments were carried out at room

temperature (20-22C).
To determine the operational response of an isolated organ,

the signal transfer characteristic from ampullary epithelium to

afferent nerve (Fig. 1A) was determined during 0.5-s duration

voltage clamps of the ampullary epithelium. The spike firing

rate of the nerve relative to the resting rate (at holding potential

of mV), for lumen positive and negative voltage clamps, de-

creased and increased, respectively. The transfer characteristic

curve was sigmoidal (Fig. 1A) with a change in spike rate dis-

cernible for clamp steps as small as 3 MV - in agreement with

previous studies of organs in animals (4, 5) and of isolated organs

(6); the spike rate for clamp steps that exceeded 100 ^V was

saturated. The sensitivity of an ampulla to trans-ampullary volt-

age also was reflected in the steep slope ( 1 .05 Hz/^V 0.22 SD.

n = 3) of the transfer curve at mV.
To assess the linear range of ampullary responses, we used

spectral analysis to determine the amplitude of harmonics gen-

erated in the trans-ampullary current in response to trans-organ

voltage clamps to a 0.5-Hz sinusoidal waveform. Preparations

gave linear responses (Fig. IB; the rms value of all harmonics

was <1% of the rms value of the fundamental) in the range from

7 to 200 pV rms. Significant nonlinearity (harmonic content of

due to adaptation (4) and drift of electrodes, the ner\e spike firing rate

was determined during 0.5-s dura/ion voltage clamps of the ampullary

epithelium. The resting firing rale (30-40 H:) for each data point was

determined at the HP (0 m\') in the 0.5-s inierval preceding the 0.5-s

duration step clamp. Note that excitatory afferent nerve activity occurs

for trans-ampullary voltage <0 (i.e.. lumenal side of ampulla negative

with respect to the basal side). The solid curve is a best fit to the data of

a logistic function [-1.98/(1 + exp(.26(V + 22)))" + 2.1]. (Bottom)

Harmonics generated by an isolated ampullary organ voltage clamped
at an HP of m I '. Trans-organ current was recorded in response to

various amplitudes of 0.5-H: sinusoidal voltage superposed on the HP
The generation of significant harmonics (second and third) relative to

the amplitude of the fundamental (0.5 Hz) is indicative of nonlinearity

that became significant (10% ol fundamental) above 500 n ( '. The total

harmonic content relative to thefundamental in the response ofthis organ

was <l% for stimuli <100 n I

'

rms
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10% or more) was observed for sinusoidal stimuli in excess of

500 uV rms.

Our voltage-clamp transfer data indicate that high sensitivity

in the microvolt range is a property of an isolated organ prep-

aration. Further, we find that the afferent nerve firing rate sat-

urates for epithelial voltages that exceed 100 i*V . Together with

our harmonic analysis, these data suggest that the ampullary

epithelium behaves as a linear transducer over the operating

range of the afferent nerve.

Supported by ONR (N00014-90-J-1 137) to H.M.F.
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Directional Sensitivity of Saccular Afferents of the Toadfish to Linear Acceleration at Audio Frequencies

Richard R. Fay, Peggy L. Edds-Walton, and Stephen M. Highstein (Marine Biological Laboratory)

Hair cells are physiologically polarized and respond to de-

flection of their stereocilia in a directional manner ( 1 ). These

cells are organized in various orientations on the otolithic end-

organs of fishes. Otolithic endorgans respond to linear acceler-

ations of the head with the otolith providing an inertial restraint

for hair cell stereocilia. In many fishes, at least one of the otolithic

endorgans, the saccule. also responds to acoustic particle motion

(2). We investigated whether the saccule's response to particle

motion could mediate the detection and localization of sound

sources in the toadfish (Opsanus tan). Both male and female

toadfish produce vocalizations in social contexts, and males

produce courtship calls to attract females.

Rostral saccular afferents were recorded extracellularly during

linear oscillations of the head at 50, 100, and 200 Hz. The an-

imal's head was fixed in a rigid, water-filled dish, 23 cm in di-

ameter and 8 cm high. The dish was accelerated by two orthog-

onal pairs of electrodynamic shakers in the horizontal plane,

and one shaker oriented vertically. Computer-synthesized si-

nusoids activated the shaker channels with relative phases and

amplitudes that were required to produce linear motion along

six azimuthal axes spaced equally from to 150. Three or-

thogonally oriented accelerometers were used in the calibration

of the dish's motion in azimuth and elevation prior to each

experiment. Only male toadfish were used tor the work reported

here.

Because 95% of L nhase-Iocked to sinusoidal motion,

response magnitude (Z ntified as product of the square

of the coefficient of synchronization and the number of spikes

evoked. A "Z" of 20 was used to compare thresholds across

stimulus angles [probability of random phase-locking <0.001

(3)]. For each axis of motion, the displacement threshold was

plotted in polar coordinates (Fig. 1A). For all afferents studied

in four animals (/;
= 23), the thresholds tended to fall on a line.

The length of the vector orthogonal to the threshold line and

passing through the origin defined the minimum threshold, and

its angle defined the best azimuth. A threshold to vertical motion

was used to estimate elevation. In polar coordinates, a linear

threshold-function is equivalent to the circular (cosine) sensitiv-

ity-function characteristic of hair cells ( 1 ). The directionality

observed in saccular afferents indicates that each innervates a

single hair cell or a group of hair cells having similar directional

orientations.

Figure 1. (A) Illustration of directional and sensitivity determination

for one afferent (II). In polar coordinates, the threshold (displacement

corresponding to Z = 20) is plotted in Ihe horizontal plane for six axes

of motion at 100 H: (open squares). The least-squares best fitting line

through the thresholds accounts for 99% of the variance. The vector's

length is the best threshold (3.3 nm). and its azimuth is 141 from straight

ahead. (B) Maximum sensitivity vectors for 23 saccular afferents from

left ears The radial axis is in dB with respect to 1 nm. There is an

essential 1811 ambiguityfor each vector due to the back-and-forth nature

til the displacement stimuli: all vectors were plotted to the left arbitrarily
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Thresholds were lowest at 100 Hz (0. 1 to 35 nm). At 100 Hz,

a displacement of 0.1 nm corresponds to the acoustic particle

motion in the farfield accompanying the sound pressure at be-

havioral threshold for the toadfish (4). Best azimuths were widely

distributed over 180 (Fig. IB), and elevations were less than

50 above or below the horizontal plane.

Directionality and displacement sensitivity of saccular affer-

ents in toadfish are similar to those in goldfish, except that all

saccular afferents in goldfish have very similar azimuths (2). The

wider variation in best azimuths among toadfish afferents prob-

ably arises from the relatively more diverse patterns of hair cell

orientations within the toadfish saccule (5).

Our results indicate that toadfish could determine the axis of

acoustic particle motion by analyzing the patterns of activity

across populations of saccular neurons that are "labeled" ac-

cording to their best directions.

Supported by Program Project Grant # 1 PO 1 DCO 1 8737 from

NIH, NIDCD.
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Time Course of Recovery from Adaptation by Hydroxyproline-Sensitive

Lobster Olfactory Receptor Neurons

George Gome: and Jelle Atema (Boston University Marine Program, Marine Biological Laboratory)

T A
100

(D

c

2
T3

50

Recovery
i Time *

23456
Time (s)

100

tn

ci

o
Q.
CO
V
a:

(D

50

-LT
.'A-

A 100

D 10

15 30 45

Recovery Time (s)

60

Figure 1. (A Top) Odorpulse series used in the experiment. Ton por-

tion of each graph shows an example of the on-line stimulus recording,

while lower portion ofeach graph shows corresponding spike eventsfrom
11 sniffle cell. T. 200-ms test pulse: A. 5-s adaptingpulse; P, 200-ms probe

pulse. Recovery times used for each cell were I, 5. 10, /5. 20. 25. 30, 45.

and 60 s. For tins graph, the recovery time was 15 s. Each three-pulse

Natural turbulence breaks up odor released from a source

into smaller and smaller patches. As patches travel away from

the source, they form a spatial gradient of sizes and shapes that

can be measured by chemoreceptor organs as temporal features

of concentration pulses ( 1 ). The adaptation and disadaptation

characteristics of chemoreceptor cells determine the temporal

information that the animal can extract ( I ). Thus an under-

standing of these properties may help us understand how che-

moreceptor cells mediate chemotaxis. The current study focused

on the time course of disadaptation (recovery from adaptation)

of chemoreceptor cells of the antennular lateral filament, an

appendage known to mediate distance orientation in the lobster,

Homarus antenainti.s.

Details of the methods are found elsewhere (2, 3). Briefly,

lateral antennules from intermolt lobsters were excised and sit-

uated in an olfactometer. We used precise focal stimulation

techniques and monitored each stimulus presentation on-line

with a high-resolution electrochemical probe to ensure stimulus

replicability and odor pulse separation. Pulse series that were

unacceptable (i.e.. pulse height varied by more than 10%) were

discarded and repeated. Receptor cells were stimulated with odor

series was presented at random and separated by at least 90 s. H 'iihin

one cell, responses to the test pulse varied by 15% and showed no sys-

tematic decrease over the time of the experiment. All responses were

phasic: the 100-ms lime bin that had the maximum number of spikes

usually started at the first to third spike of/he response. (B Bottom) To

determine the time course ofdisadaptation ol the cell population at both

stimulus concentrations, averaged responses to the probe pulses (maxi-

mum number ofspikes in 100 ms) were expressed as a percentage oj the

average ol the immediately preceding lest pulse response Solid line shows

an exponential curvefit that /s identicalfor both concentrations. Although

absolute response magnitudes lo 100 ^M pulses were greater than to

10 nM pulses, recovery time courses were identical. Dotted lines show

the fastest and slowest recovery curves obtained from individual cells

Based on recovery rates ofthe single cells, we found no distinct subclasses

ofreceptor cells
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steps of 10 and 100 n\l hydroxyproline (Fig. 1A). The receptor

cells were allowed to recover for at least 90 s between each stim-

ulus series. Cell responses were quantified by the total number

of spikes and by the maximum number of spikes in any 100-

ms time period within a response.

Fifteen receptor cells survived the entire stimulus protocol

and were used for data analysis. Cells responded to 10 and

100 nM test pulses with brief bursts of 12.4 7.3 and 16.6

6.6 spikes, respectively. Responses to the adapting pulse were

phasic and terminated even when the odor was still present,

indicating that the receptor cells completely adapted to the stim-

ulus. After a 1 s recovery time, only 30% of the receptor cells

responded to the probe pulse. When given a longer recovery

time, individual receptor cells regained their sensitivity at dif-

ferent rates. After 30 s, all receptor cells recovered 90% of their

original response: the magnitude of the probe pulse responses

was not significantly different from the test pulse response mag-

nitude (P < 0.05, paired Mest) for both stimulus concentrations

used.

To assess the time course of recovery of the cell population,

we compared the mean response values of the 1 5 cells for test

and probe pulses (Fig. IB). Responses fully recovered within 25

to 30 s; beyond 30 s. responses did not significantly increase.

Surprisingly, the time course of recovery was the same for both

stimulus concentrations.

Although full recovery took 30 s, cells regained 50% of their

sensitivity within 9 s. Hydroxyproline-sensitive cells can follow

2 Hz pulse trains (3). It is the time course of recovery from

adaptation that integrates odor events and sets the high frequency

limit of the system for detection of the spectrum of odor con-

centration fluctuations that occurs in an odor plume.

This work was supported by NSF IBN 9222774 to J.A.; this

study is part of the dissertation research of G.G.
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Visual Responses in the Brain of Limulus

C. L. Passaglia. F. A. Dodge, and R. B. Barlow. Jr. (Syracuse University)

The lateral eye of the horseshoe crab Liiinilux polyphemus is

one of the best understood visual structures in the animal king-

dom. Studies ofthe lateral eye have provided us with the concepts

of adapting quantal bumps in response to the absorption of a

single photon (1. 2), lateral inhibition as a mechanism of edge

enhancement (3). and circadian modulation of retinal function

(4) as a component of visually guided behaviors (5). We know

relatively little, however, about how the brain processes retinal

input for the animal to see (6, 7).

Here we report on the first intracellular recordings from the

lamina, the first level of synaptic processing of retinal signals in

the brain. Glass micropipettes (3.0 M KC1, 40-80 Mfi) filled with

5% Neurobiotin in 1.0 A/KC1 (+0.5 nA for 5 min) (8) were ad-

vanced vertically into the surgically exposed brain in situ. Signals

from the microelectrodes were fed to a bridge amplifier and

monitored with a digital oscilloscope. Light stimuli were deliv-

ered to individual receptor units (ommatidia) in the retina with

a 70-/<m light pipe and to large regions of the eye with a fiber

optic bundle.

We frequently impale as yet unidentified cellular compart-

ments in the lamina that receive synaptic inputs from many
optic nerve fibers and action potentials from a single optic nerve

fiber. Illumination of a single ommatidium in the retina generally

evokes slow depolarizing potentials (0-5 mV) in association with

a single train of action potentials (20-60 mV) in the compart-

ment, whereas illumination of the entire retina elicits slow hy-

perpolarizing potentials (5-15 mV)and a spike train of reduced

rate (Fig. 1A). Resting potentials are in the range of -45 to

-60 mV. Both discharge patterns resemble those of single optic

nerve fibers (9), except that the spike size can change during a

response and the spike duration can be up to four times longer

(not shown).

Injections of Neurobiotin into the compartment have consis-

tently labeled more than one fiber in the optic nerve (typically

A.

Single ummatidial illumination

B.

Whole e\e illumination

Figure 1. (A) Recordings from a cell in Ihe first synaptic layer of the

brain (lamina). The compartment receives excitatory inputfrom a single

retinal cell and inhibitory inputs from many celts. The spike amplitude

has been attenuated bv the chart recorder during reproduction. (B) Camera

lucida reconstruction of cell after Neurobiotin injection. Note retrograde

labeling nl more than one optic nerve fiber.
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three), as well as processes in the lamina and medulla (n
=

10,

Fig. 1 B). Previous anatomical studies with cobalt chloride showed

that a single nerve fiber gives olfa puffof processes in the lamina

as it continues on into the medulla and other optic nuclei ( 10).

What is the cellular compartment we are recording from? The

spike discharge and Neurobiotin staining patterns strongly sug-

gest the axons of optic nerve fibers. However, such large slow

potentials would not be expected in this compartment because

the soma is located 4-5 cm away in the retina. Moreover, it is

unclear why the spike size would change, spike duration would

differ, and multiple axons would stain if this were the case. Hence,

it appears that we are recording from synaptic compartments,

presumably in the branches of optic nerve fibers, that receive

action potentials from the main axon and slow potentials from

other nerve fibers or cells in the brain. The differences in dis-

charge patterns to single ommatidial and whole eye stimulation

result from lateral inhibition in the retina, whereas the differences

in slow potentials are a consequence of synaptic interactions in

the lamina.

Neural processing in the lateral eye of the horseshoe crab is

hidden from microelectrodes in the tangled web of the lateral

plexus that interconnects neighboring ommatidia to mediate

lateral inhibition. Neural processing in the lamina appears to

use the same integrative mechanisms as the retina and may be

more accessible to electrode studies. If so, we may gain an un-

derstanding of the synaptic interactions that occur across a par-

allel array of optic nerve fibers and their influence on the infor-

mation sent to other regions of the brain.

Supported by NSF grant BNS9309539 and NIH grants
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Noise Components in Limulus Vision

F. A. Dodge. D. M. Poredlo, S. A. Dodge. E. Kaplan, and R. B. Barlow. Jr.

(Marine Biological Laboratory)

As a horseshoe crab moves along the bottom of a shallow-

bay, its lateral eye continuously transmits a picture of its envi-

ronment back to his brain. This "video picture" contains only

about 40 X 25 pixels, is blurred by the wide acceptance angle

of the ommatidium, and is distorted by the way the eye samples

visual space nonuniformly. Within the eye. two neural inhibitory

processes enhance contrast, but the net result of all the steps in

neural encoding is often a very noisy image. In spite of the rather

poor image quality, neural circuits in the Limulus brain can

extract visual information to guide the animal's movements.

Unattached males during the mating season provide a partic-

ularly straightforward example of visually guided behavior; they

generally turn and approach any object that is about the size of

a mate. As first reported here last year (1), we can record the

neural signals that the brain receives as the eye scans the same

targets used in the behavioral experiments. Analysis of several

such experiments has revealed that targets at a distance beyond
that of the behavioral threshold elicit a perceptible modulation

of spike rate (2). This result is fully consistent with theoretical

computations of the expected responses (3). If the behavioral

threshold cannot be explained by the sensitivity of the photo-

receptors, perhaps our experimental paradigms have consistently

underestimated the noise that the animal must contend with

under natural conditions. We have therefore started to study

how the statistical properties of the random fluctuations in spike

rate depend on differing visual environments.

Two sources of noise that are intrinsic to the eye have been

fully characterized: namely, the shot noise triggered by photon

adsorption that is the excitatory input to the spike generator,

and the summed inhibitory potential triggered by spikes in many

neighbors. Because the unitary IPSP is longer than 0.5 s. it

smooths nearly all fluctuations in its input and, in fact, makes

only a minor contribution to the noise. The phototransduction

noise can be quite large under dim ambient illumination, but

decreases greatly as the eye adapts to higher illuminations. The

power spectrum of this noise shows a relatively broad pass-band

matching the dynamic transfer-function for sinusoidally mod-

ulated light (4). Phototransduction noise at illumination levels

equivalent to the daylight field experiments (plus inhibitory syn-

aptic noise) causes spike-rate fluctuations with a coefficient of

variation (CV) of 7% or less.

As we move from the laboratory to the field experiments, we

would expect to observe more noise caused by random fluctu-

ations in light intensity. Some of the environmental noise is
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independent of the crab's motion. Figure 1 shows spike-rate re-

cordings from three simultaneously active units; two (receptors

1 and 3) are probably adjacent receptors because they see the

target at nearly the same time, and a third (receptor 2) looks at

the sandy bottom below the target. For each spike train, we

calculated the power spectrum of the spike-rate fluctuations over

the 4-s span preceeding the response to the target. Each of these

spectra shows a prominent quasiperiodic component at about

2 Hz and some harmonics. The noise here, CV = 16%, is more

than twice that due to phototransduction alone. Cross-correlation

of these records shows positive correlation of the noise for the

two units that look in nearly the same direction, as would be

expected for a common fluctuating source. The negative cross

correlation of both of these with the other unit probably arises

from the fortuitous condition that they are about half a cycle

out of phase for the almost periodic component. Analyzing the

video tape of this experiment, we immediately identified the

source of this quasiperiodic noise as the rapidly moving bands

of light concentrated by the cylindrical lens effect of waves (30-

cm period, moving at 60 cm/s). These shimmering waves, little

fish swimming in front of the target, and clumps of floating

seaweed cause environmental fluctuations of light intensity that

are independent of the animal's motion. It is hard to believe

that such noise is statistically stationary, but both the magnitude

and spectra remained similar over several hours of recording.

We would expect that a freely moving animal, scanning small-

scale features of the environment, might generate even larger

fluctuations in light intensity. We do not yet have any long re-

cordings from a freely moving animal in the environment of the

behavioral experiments. But, 20 years ago. E. Kaplan measured

spike-rate fluctuations of a crab moving through weeds over the

pebbly bottom of Great Harbor. He found CVs in the range of

30-120%, with spectra in which 95% of the power concentrated

below 2 Hz (E. Kaplan, Rockefeller Univ., unpub.). Such large

fluctuations generated by this visual "jungle" would obscure the

response to a target, and this might be a partial explanation for

why mating animals prefer sandy bays.

To see, Linniliis must cope with external light noise in its

environment, as well as with neural noise in its visual system.

The animal minimizes endogenous photoreceptor noise at night

via a circadian-clock (5); however, the phototransduction noise

POWER SPECTRA CROSS CORRELATON

Figure 1. Analysis ofspike-rate fluctuations in each of three units re-

corded simultaneously in an experiment mimicking the stimulus con-

ditions of the behavioral studies- The limulus was pulled along an un-

derwater track past a black cylindrical target at 15 cm/s. The sample

periodfor computing power spectra and cross correlations was 4 s long,

prior to the response to the target. Power spectra with a bin width of

0.4 H: were plotted on a common scale. Lagged product cross-correlations

of all pairs o/ records were computed as labeled.

remains very large (6). But, during the day when the intrinsic

noise is low, substantial environmental noise may require the

animal to adjust in its brain the neural threshold for detecting

an object.
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The Effects of Quinine and Quinidine on Isolated Retinal Horizontal Cells

Robcri 1'. :;/ Male/low (University ofIllinois College of.Medicine). Haohua Qian,

Laura M. Haugh-Scheidt, and Harris Ripps

Quinine and its stereoisomer quinidine have long been used

as medicinal tonics to treat conditions as diverse as malaria,

muscle cramps, and heart arrhythmias. These cinchona alkaloids

also have potent effects on the nervous system in general and

on the visual system in particular. High concentrations of these

agents induce disorientation and blurred vision, and may even

lead to acute blindness. We have used the whole-cell version of

the patch-clamp technique to examine the effects of these al-

kaloids on enzymatically isolated retinal horizontal cells of the

skate.

Consistent with previous work conducted on a variety of cell

types, including cardiac myocytes and neurons, we found that
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quinine and quinidine block a number of voltage-gated con-

ductances in the horizontal cells, including those selective for

potassium, sodium, and calcium ions. However, these alkaloids

also appeared to promote an increase in membrane conductance

when the horizontal cells were held at potentials more positive

than mV. The outward current elicited under these conditions

turned off rapidly upon repolarization of the cell to a holding

potential of -70 mV. Tail-current analysis indicated that the

alkaloid-induced current had a reversal potential very close to

mV. The outward current elicited by quinine and quinidine

was blocked by 4 m.\f cobalt or a halothane-saturated Ringer

solution, and was also reduced by acidification of the cells via

the application of 25 mAI acetate. Moreover, depolarization in

the presence of quinine or quinidine permitted entry into the

cells of extracellularly applied Lucifer yellow. In sum, the large,

apparently nonselective nature of the conductance suggested by

the tail current analysis, coupled with the block by halothane.

cobalt, and acetate (agents known to suppress gap-junctional

communication between cells), and the influx of extracellularly

applied Lucifer yellow, have led us to suggest that the current

elicited by these drugs results from the opening of hemi-gap

junctional channels.

Several reports have indicated that large increases in internal

calcium (i.e.. > 1 /^Af) lead to the closure of gap junctions and

a reduction in electrical communication between pairs of elec-

trically coupled cells (1, 2). On the other hand, the results of

recent studies suggest that gap junctions are permeant to calcium

ions when intracellular calcium concentrations are below I uAI

(3, 4). We have recently undertaken experiments to examine

whether the conductance opened in the presence of the cinchona

alkaloids is permeant to calcium. LIsing ratio imaging of the

calcium-sensitive dye fura-2, we found that depolarizing hori-

zontal cells in the presence of 200 fiM quinidine evoked a large

increase in the level of intracellular calcium (Fig. 1 ); this increase

occurred despite the presence of the calcium channel blocker

nifedipine ( 100 i*.\f). Whether the increase in intracellular cal-

cium results solely from the influx of extracellular calcium, or

whether there is also a release of calcium from internal stores,

are questions as yet unresolved. Nevertheless, our data raise the

possibility that hemi-gap junctional channels are permeable to

calcium ions.

This work was supported by grants (EYO6540, EYO941 1,

and EYO6516) from the National Eye Institute.
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The GABAA Receptors of Miiller (Glial) Cells in Skate Retina

Haohua Qian (Harvard University). Robert Paul Malchow, Richard L. Chappell, and Harris Ripps

The circuitry of the vertebrate retina is formed by intercon-

necting networks of neural pathways, and subtle alterations in

synaptic transmission can exert profound effects on the activity

of a given pathway. There is growing evidence that glial cells

participate in this process through a variety of mechanisms, most

notably via the uptake and metabolism of amino acid neuro-
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Figure 1. Afodulalion oj GABA responses from skale Midler cells voltage-clamped at Om]'. (A) 100 nAf

pentobarbital. (B) 10 pM diazepam. (C) 10 uM n-butyl-0-carboline-3-carboxylate (CCB). and (D) 10 uM
:inc enhanced Ihe currents elicited by I uM GABA Note thai the application ofzinc alone induced an outward

current. Recordings (A)-(D) were obtained using the perforated-patch (amphotcricin B) technique. (E) Cell-

attachedpatch recordings from Midler cells voltage-clamped at - 150 i I '. Each trace is takenfrom a different

cell The upper three traces show spontaneous channel fluctuations recorded when the pipette contained a
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and 360 mM urea, titrated to pH 7.6 with NaOH The frequency of channel openings was greatly reduced

hv the addition of WO uM biciiculline (middle three traces), and enhanced hy the addition oj 10 pM :inc
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transmitters, and by monitoring the ionic composition of the

neuronal environment through the gating properties of ligand-

and voltage-sensitive channels. y-Aminobutyric acid (GABA).
a principal inhibitory neurotransmitter in the CNS, is known
to be involved in signal transmission in the vertebrate retina,

and, as shown previously, the radial glia (Miiller cells) of the

skate retina are engaged in various ways in the regulation of

GABA-mediated activity. For example, they take up GABA from

the extracellular space (1) through the action of a sodium-de-

pendent transporter (2), and they possess functional GABA A

receptors that activate membrane chloride channels (3).

In the present study, we have attempted to characterize the

GABAA receptor of enzymatically isolated Miiller cells by using

perforated (amphotericin B) patch recordings. The currents elic-

ited by GABA were mimicked by the application of the GABAA

agonist muscimol, suppressed in a dose-dependent fashion by

the addition of the GABAA antagonist bicuculline or the chloride

channel blocker picrotoxin, and potentiated by 100 n.\I pento-

barbital (Fig. 1A) or 10M.U diazepam (Fig. IB). The GABA B

agonist baclofen failed to elicit a response. The dependence upon
chloride, the block by bicuculline. the enhancement by diazepam

and pentobarbital, the activation by muscimol. and the lack of

effect of baclofen are consistent with the hypothesis that the

GABA currents are mediated solely by GABAA receptors.

We now report pharmacological data suggesting that the

modulatory sites on the GABAA receptors of skate Miiller cells

exhibit several unique features. First, the benzodiazepine inverse

agonists methyl 6,7-dimethoxy-4-ethyl-/i-carboline-3-carboxylate

(DMCM) and -butyl-/3-carboline-3-carboxylate (CCB) en-

hanced the GABA-mediated responses (Fig. 1C); second, at low

concentrations, zinc produced a similar enhancement of the re-

sponses to GABA (Fig. ID). Interestingly, zinc itself induced a

current comparable to that elicited by GABA: the reversal po-

tential was the same as for the GABA current, the current was

blocked by bicuculiine, and the I-V relation was virtually indis-

tinguishable from that produced by GABA. Moreover, cell-at-

tached patch recordings (Fig. IE) show that the spontaneous

channel activity was blocked by bicuculline and increased by

zinc. These findings suggest that zinc acts directly on the GABAA

receptors of the Miiller cells, and they raise the possibility that

the subunit composition of the GABA receptor of the Miiller

cell differs from that of the neuronal GABAA receptors. It is

noteworthy that zinc could be detected in skate photoreceptors

by the Neo-Timm sulfide-silver method, and there is reason to

think that it may be co-released with glutamate from the receptor

terminals of the visual cells (4).
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Effects of GABA on Outward Currents in Hermissenda Photoreceptors
Ebenezer Yatnoah and Alan M. Kuzirian (Marine Biological Laboratory)

Exogenous application of -y-aminobutyric acid (GABA) on

the photoreceptors of Hermissenda induces a brief hyperpolar-

ization of their membrane potential (1). Similarly, both electrical

and mechanical stimulation of the statocyst mimic the GABA-
induced effects on the B photoreceptors. suggesting the involve-

ment of GABA in the synaptic network between the vestibular

organ and the photoreceptors (2). It has been proposed that the

GABA-mediated network interaction may be crucial for the in-

duction and perhaps maintenance of plasticity in Hermissenda

photoreceptors (2). We have used immunohistochemical meth-

ods to identify GABA neurons in the vestibular organ and cells

located at the base of the eye. In addition, we use whole-cell

patch-clamp technique to detect the presence ofGABA-induced
outward currents in isolated photoreceptors of Hermissenda.

Nervous systems were removed and prefixed by the addition

of two drops of 10% paraformaldehyde to 4 ml artificial seawater

(ASW) for 10 min. The nervous systems were then fixed in fresh

4% paraformaldehyde in phosphate buffer saline (PBS) overnight

at 4C and permeabilized in 4% Triton X-100 in PBS for 4 h.

The tissues were incubated for 48 h (4C) in PBS containing a

1:100 dilution of a monoclonal antibody raised against GABA.
The primary antibody was removed by washing (20 min in PBS),

transferred into blocking solution for 1 5 min. and then incubated

for 3 h in the dark, at room temperature, in a 1:60 dilution of

secondary antibody labeled with fluorescein isothiocyanate

(FITC). The preparation was washed, mounted with Poly-

Aquamount (Polysciences) on slides and viewed with a Zeiss

microscope equipped with epifluorescence.

Photoreceptors were isolated as previously described (3). Po-

tassium currents were blocked with 5 mAf 4-aminopyridine,

100 mAf tetraethylammonium, and 10 mAf BAPTA was used

to dialyze the cells to block Inxa- Inward voltage-dependent Na
+

and Ca2+
currents were reduced by substituting choline for Na +

and by reducing the Ca2+
in ASW ( 1 m/V/). Outward Cl" currents

were recorded by substituting A'-methyl glucamine chloride

(NMG-C1) (300mA/) and CsCl (100mA/) for internal KC1.
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Figure 1 . Photomicrographs oj immunopositive labeling for GABA. (A)

Whole mount ol the nervous system of Hermissenda showing the eye

with two positively labeled cells (arrowheads). (B) Out of focus in A is

yet another immunopositive cell that can be seen clearly in a photomi-

crograph oj this section (asterisk). (C) GABA-mediated outward current.

Whole-cell recording under conditions when both outward and inward

currents have heen suppressed with external cho/ine. TEA. 4-AP. and

internal II) mM BAPTA Outward currents induced by 10 \iM GABA
and this current was reduced by 50 pM bicuculline. The GABA-mediated

outward current is primarily a Cl~ current. The current-voltage relation

ol control and GABA-induced and the effects of bicuculline are shown

below the traces (IIP = ho/ding potential and SP =
step potential).

Possible inward and outward current contamination was pre-

vented with ion substitution and pharmacological blockers as

mentioned above.

Immunopositive cells were observed in the cerebropleural

ganglia. Of interest was the consistent labeling of the statocyst

organ and a neuron close to the arborization field of the vesti-

bulovisual system of Hermissenda. Two cells at the base of the

eye were also consistently labeled (Fig. 1A. B). Under electro-

physiological conditions where voltage-gated currents were sup-

pressed, minimal inward or outward currents were recorded.

However, an outward current could be recorded following ap-

plication of 10 ^A/GABA (Fig. 1C). The GABA-mediated out-

ward current was blocked by bicuculline (\OOpAf), a known

GABAA receptor blocker. The GABA-mediated current had two

properties: first, the current magnitude and estimated reversal

potential were altered depending on the external and internal

Cr concentrations. Second, the current was reduced by 4.4'-

diisothiocyanostilbene-2,2'-disulfonic acid (DIDS; 100 n\f).

These results indicate that the GABA-induced responses of the

photoreceptors were mediated primarily by chloride ion. In ad-

dition, the CP current was enhanced by an increase in external

Ca2+
. This CT current may contribute to the inhibitory, post-

synaptic potential of the synaptic response of the hair cell.

E. Y. acknowledges the support of the Grass Foundation.
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Reference: Biol. Bull 187: 267-268. (October, 1994)

Calcium and Voltage Sensitivity of Potassium Current Activation

in Toadfish Semicircular Canal Hair Cells

Antoinette Steinacker and Conchita Zua.aga (Institute ofNeurobiology,

University ofPuerto Rico, San Juan, PR 00901)

Sensory hair cells of the horizontal semicircular canal (HSCC) current resembling an A current (IA), and a calcium activated

of the toadfish (Opsanus tail) exhibit two main types of rapidly potassium current (IKCa). Some cells show primarily IA or IKCa,

activating potassium currents: a transient, or fast inactivating, while others exhibit both classes of current (1). Physiologically,

A1
4 mM Ca"

500 pA

10 mM Ca"

B1
500 pA

20 ms

A2 B2

E 15-

D

~~1

-too

I

40
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Figure 1. \'oltage ami calcium sensitivity ofpotassium current activation. I'oltage command protocolfor
all experiment** in top panel. (.41) Activation of outward current in normal (4 mM Ca : *

) Ringer. (.42) Response
to the test pulse in .41 on an expanded time scale. (Bl) Activation of outward current as in .41. hut \vith

10 mM Ca :*
in the bath. (B2) Response to the test pulse in Bl on a faster time scale. (C) Plot of 10-90%

activation time (I) ofoutward current in response to prepulses (V) arising from a -60 ml' ho/ding potential,

filled circles arefrom data ofAl (4 mM Ca'+
); open circles are from data of Bl (10 mM Ca 2+

). (D) Plot of
10-90% activation tune of outward current in response to the test pulse, plotted against prepulse voltage.

Open circles. 10 mM Ca'*; filled circles. 4 mM Ca 2
*.
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these outward potassium currents are activated in the basolateral

surface of the hair cell by the transduction current at the apical

pole. All sensory hair celis of all acoustico-lateralis systems stud-

ied exhibit an inward calcium current (ICa) that activates rapidly,

preceding potassium current activation, and shows little inac-

tivation (2-6). ICa is activated in the basolateral surface of the

cell by the transduction current and by acetylcholine, an efferent

transmitter on hair cells (7-10). The relative rates of activation

of IKCa and IA in response to intracellular calcium concentra-

tion [Ca
:+

],,'
and voltage are data basic to an understanding of

sensory transduction in the hair cell.

The calcium and voltage sensitivity of potassium current ac-

tivation was studied with whole-cell patch-clamp methods (111

on hair cells isolated from the HSCC of the toadfish. The HSCC
was chosen because the functional properties of HSCC afferents

are well known (12, 13). Data were collected on-line using

pCLAMP with a P/4 routine, and subsequent analysis was done

with Igor (WaveMetrics Inc.). The bathing medium, maintained

at 12C. was teleost Ringer containing (in m.U): NaCl (165).

KC1 (5), CaCl 2 (4 or 10, see below), MgCb ( 1 ). and Hepes (10).

all adjusted to pH 7.2 with NaOH. Quartz glass patch pipettes

were filled with (in mA/): K.C1 (165), CaCl 2 (0.1). MgCl2 (1.5),

Hepes K
+

salt (5), EGTA (10), and K +ATP (2.5) all adjusted to

pH 7.4 with KOH. Cells were held at -60 mV, close to the

resting (zero current) potential of canal hair cells (A. Steinacker,

unpub. data). The command voltage protocol was a 320-ms pre-

pulse, from -120 mV to +20 mV in 20-mV increments, fol-

lowed by a 4-ms test pulse to +40 mV (Fig. 1 , top). This voltage

protocol, with 320-ms or 1-s prepulses, was used with 33 HSCC
hair cells.

Figure I , A 1 , shows the response of an HSCC hair cell to the

command protocol in normal (4 mM Ca 2
') Ringer. From the

outward potassium current profile of a rapidly inactivating cur-

rent, this cell appears to express only IA. This is particularly

clear when the response to the test pulse is shown on a faster

time base (Fig. 1. A2). No significant current appears in response

to the test pulse after prepulses more positive than -40 mV;
this putative A current response to the test pulse is activated

following a -60-mV prepulse, a value close to the resting po-

tential of the hair cell.

The calcium concentration in the bath Ringer was increased

to 10 mA/to enhance the driving force for calcium and to mimic

the increase in [Ca
2+

], resulting from exposure to the efferent

transmitter The total outward current profile then shows an

additiona ly activating outward current (Fig. 1, Bl). Note

that the aci. nc for the additional current in Fig. 1. Bl.

is slower than tha transient current when both are acti-

vated from the
'

olding potential (Fig. 1, Al and C).

The calcium current in hair cells is only minimally activated at

-60 mV (3. 5, 6). The activation time constant of the outward

current is greatly decreased by higher extracellular calcium (Fig.

I, B2 and D). This suggests that the decrease in activation time

constant is the result of an increase in [Ca
2+

], produced by the

more positive prepulses. This current is designated an IKCa for

the following reasons: it is evoked by the increase in [Ca
2+

] ; ; it

does not inactivate as an IA or delayed rectifier would (14); it

reverses at the potassium equilibrium potential; and it is blocked

by TEA (2-20 mAf) (data not shown). In a recent study on A
current inactivation of mutant Shaker potassium channels, no

effect of increased external calcium on inactivation was seen

(15). Indeed, increased calcium actually accelerates inactivation

of potassium currents (16, 17). This induction of an additional

current by an increase in [Ca
2+

], may be of physiological signif-

icance in switching the operating mode of the cell in response

to intense sensory stimulation or efferent transmitter action.

We thank M. E. Andreu-Sanchez for her help in data analysis.

This work was supported by NSF 9120497 and NIMH MH
48190 and was carried out primarily at the Marine Biological

Laboratory. Woods Hole, MA.

Literature Cited

1. Steinacker, A., J. Monterrubio, R. Perez, and S. M. Highstein.

1992. Binl Hull 183: 346-347.

2. Ohmori, II. 1984. ./ Physml. 350: 561-581.

3. Art, J. J., and R. Fettiplace. 1987. J. Physiol. 385: 207-242.

4. Hudspelh, A. J., and R. S. Lewis. 1988. J. Physiol 400: 237-274.

5. Fuchs, P. A., M. G. Evans, and B. W. Miirrow. 1990. ./ Physiol.

429: 553-568.

6. Roberts, W.. L. Robles, and A. J. Hudspeth. 1990. J. Neurosci.

10: 3664-3684.

7. Shigemoto, T., and H. Ohmori. 1990. J Pliysiul. 420: 127-148.

8. Steinacker, A., and L. Perez. 1992. Ann. N. Y Acad. Sci. 656: 27-

48.

9. Fuchs, P. A., and B. W. Murrow. 1992. / Neurosci. 12: 800-809.

10. Goodman, M. B., and J. J. Art. 1992. Soc. Neurosci. Ahs. 18:

588.7.

I 1 . Hamill, O. P., A. Marty. E. Neher, B. Sakmann, and F. J. Sigworth.

1981. PlliiKi-rs Arch. 391: 85-100.

1 2. Boyle, R., and S. M. Highstein. 1990. J. Neurosci. 10:1557-1 569.

13. Boyle, R., J. P. Carey, and S. M. Highstein. 1991. J ,\eiirophys

66: 1504-1521.

14 Steinacker, A., and A. Romero. 1991. Bruin Res, 556: 22-32.

15. Lopez-Barneo, J., T. Hoshi, S. H. Heinemann, and R. VV. Aldrich.

1993. Reccpl. Channels 1: 61-71.

16. Alkon, D. L., J. J. Shoukimas, and E. Heldman. 1982. Biophys

J 40: 245-250.

17. Grissmer, S., and M. D. Cahalan. 1989. J. Gen Physiol. 93: 609-

630.



NEUROBIOLOGY: CALCIUM REGULATION 269

Reference: Biol. Bull 187: 269. (October, 1<W)

Protein Synthesis in Nerve Endings from Squid Brain: Modulation by Calcium Ions

Juan Benech. Marianna Crispino. Jong Tai Chun, Barry B. Kaplan, and Antonio Giuditta (Department of
General and Environmental Physiology, University of Naples, Italy)

We have previously shown that a system of protein synthesis

is present in the squid giant axon (1,2) and, more recently, in

the nerve endings of the synaptosomal fraction prepared from

squid optic lobe (3, 4). The latter demonstration rests on the

different electrophoretic patterns displayed by synaptosomal
translation products, including neurofilament (NF) proteins im-

munoabsorbed by a specific antibody, and by the translation

products obtained from possible contaminants of the synapto-

somal fractions, such as fragments of neuronal or glial cells, or

axonal segments. As expected, the protein synthetic activity of

the squid synaptosomal fraction is strongly inhibited by hy-

poosmotic treatment and by cycloheximide, but is not affected

by RNase. These features are indicative of extramitochondrial

polysomes enclosed by a plasma membrane. They confirm pre-

vious observations made on the same synaptosomal fraction (5),

and in several synaptosomal preparations from mammals.

Polysomes purified from the synaptosomal and microsomal

fractions of squid optic lobe actively synthesize proteins when

supplemented with the supernatant fraction from a rabbit retic-

ulocyte lysate. In preliminary analyses, the radiolabeled trans-

lation products of synaptosomal polysomes immunoabsorbed

by a specific NF antibody display a prevalent 70S component,
in agreement with the behavior of intact synaptosomes, but at

variance with the pattern of the translation products of micro-

somal polysomes. The latter result confirms the segregation of

specific mRNAs in the synaptosomal fraction as compared with

the microsomal fraction.

The first evidence that the protein synthetic activity of squid

brain synaptosomes is modulated by calcium ions was obtained

by treatment of the synaptosomal fraction with the calcium ion-

ophore A23187 (3). This treatment inhibited protein synthesis

up to 80% when synaptosomes were incubated in artificial sea-

water (ASW) containing a normal concentration of calcium ions

( 1 1 mA/). A comparable degree of inhibition was observed in

the presence of ionomycin, a second calcium ionophore. How-

ever, inhibitory effects were also induced by both ionophores in

calcium-free ASW supplemented with EGTA ( 1 mAf). Strong

inhibitory effects were also observed in the presence of either of

two calmodulin hlockcrs, trifluoperazine and W-7. This obser-

vation suggests that the complete lack of calcium ions or its

functional inactivation are as deleterious to the protein synthetic

activity of the synaptosomal fraction as calcium ion concentra-

tions in the millimolar range. Presumably, the normal level of

calcium prevailing in nerve endings (10 to 100 r\M) is required

to insure an optimal rate of protein synthesis.

A related observation concerns the strong inhibitory effect on

synaptosomal protein synthesis elicited in normal ASW by
EGTA (2 m.\/). but not by EDTA. This inhibition appeared to

be readily reversible, and was prevented by the addition of funnel

web spider toxin (FTX), but not by other calcium channel

blockers, such as omega conotoxin or nifedipine. The latter

findings suggest the involvement of the P calcium channel in

the modulation of the rate of synaptosomal protein synthesis.

In conclusion, the data indicate that an extramitochondrial

system of protein synthesis is present in the nerve endings of

squid brain, and that the activity of this polysomal system is

modulated by calcium ions. As calcium ions enter the axon

terminals during nerve firing, they may regulate the rate of pre-

synaptic protein synthesis depending on the increase in their

local concentration and. ultimately, on the rate of firing. Deter-

mination of preterminal calcium levels by using suitable calcium

indicators will be required to confirm this possibility.
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Reference: Bini. Bull 187: 270. (October, 1994)

Second Messenger Modulation of Steady-State Calcium Efflux in Aplysia Bag Cells

Ehenezer Yamoah and Peter J. S. Smith (National Vibrating Probe Facility,

Marine Biological Laboratory)

Second messengers modulate intracellular calcium (Caj
2+

) level

in two ways: by direct induction ofCa2+
release from intracellular

Ca2+ stores (eg., inositol-triphosphate-induced Ca2+
release from

intracellular stores) and by direct modulation of calcium con-

ductances, or indirect modulation of other ionic conductances

which results in transmembrane hyperpolarization. Membrane

hyperpolarization activates calcium channels (T-type), which

ultimately enhances Ca2+
influx ( 1 ). But Ca2+ channel modu-

lation and Ca2+
release from stores forms a subset of the regu-

latory mechanism of Ca,
2+

homeostasis, which is an essential

component of intracellular signaling. To prevent Ca,
2+

overload.

the level of Ca,
2+

is regulated, for example, by the intracellular

protein buffers, Ca2+
-ATPase, the Na+

-Ca
2+
-exchanger, and

passive Ca2+
leakage through the plasma membrane (2). We

used the calcium sensitive vibrating probe technique (3) to ex-

amine the steady-state calcium efflux across the plasma mem-

brane ofAplysia bag cells in culture and have assessed the extent

to which second messengers influence this efflux.

Bag cells were cultured as previously described (4). but the

bath Ca2+ was reduced to about 50-K)OjjA/ by replacement

with Mg
2+

. Cells remained viable in Iow-Ca
2t

artificial seawater

(ASW) for several days (
= 7 days). The following second mes-

sengers were used in this study: analogs of c-AMP (dibutyrl-c-

AMP), c-GMP (dibutyrl-c-GMP), activators of protein kinase

C, phorbol ester (TPA), and other compounds known to induce

intracellular Ca2+
release, e.g.. caffeine. Whereas c-AMP and

phorbol ester reduced the efflux. c-GMP enhanced it. Represen-

tative effects of 50 nA/ TPA and 2 mA/ bath application of di-

butyrl-c-GMP are shown in Figure 1. Caffeine had no effect on

the steady-state Ca
:+

efflux on the bag cells.

The present observation of the effects of second messengers

on steady-state Ca
:+

efflux introduces a new dimension to the

modulatory effect of second messengers on Ca,
2+

homeostasis.

These results may be a direct consequence of the modulation

of the activity of either the Ca2+-ATPase or the Na +
-Ca

2+
ex-

changer. But the indirect action of a second messenger, by either

raising or reducing Ca,
2+ and thus the linked enhancement or

reduction of the activity of the Ca2+
-pump or Na+-Ca2+ ex-

changer, could also explain the present results. We are in the

process of determining which of the known second messengers

might have a direct effect on the mechanisms of steady-state

Ca2+
efflux.
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Three-Dimensional Calibration of the Non-Invasive Ion Probe, NVP;, of Steady Ionic Currents

Joseph G. Kunkel and Peter J. S. Smith (Marine Biological Laboratory)
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A non-invasive approach has been developed and applied to

measure the flux of specific ions that enter and exit cells or tissues

(1, 2). The NVP, adds, to the ion measurement technology of

specific ion electrodes, an oscillation of the electrode over a short

distance. <5r, typically 10 ^m, which allows the estimation of the

concentration gradient of the ion in the direction of oscillation.

The NVP, has been calibrated previously in the single dimension

of oscillation, but the fit of the observed to the expected tiV

difference was poor close to the source (2). Recent addition of

two parameters distance to infinite source. r , and the electrode

efficiency, eff to the theoretical formula for predicting ^V dif-

ference (2) allow the expected ^V differences relative to the source

to be modeled accurately over all radial distances from the source.

The parameter r is needed because it is clear that the point of

closest approach to the source is some distance, r . away from

an infinite source. The parameter eff is needed to account for

the inability of the microelectrodes to fully respond to the gra-

dients being measured within the time constraints of the oscil-

lation cycle. At 0.3 Hz, the electrode is able to make one mea-

surement of a calcium gradient in one direction in about 3 s

with an efficiency of 50%. If the oscillation is increased to 0.5 Hz,

the efficiency drops to 30%.

After the development of routines for oscillating in three di-

mensicns and collecting three-dimensional data (Fig. 1 ). the ad-

vantages of a method of 3-D calibration become a consideration.

The most important technical advantage of a 3-D calibration is

that it removes an obligation of the probe operator to position

the probe precisely on the diffusional axis of the ion source, an

exacting and time-consuming task in three dimensions. The

theoretical advantage of the 3-D calibration is that it should

conform to the law of conservation of charge moving through

concentric shells about the source. The artificial diffusional

source of ions provides a physical standard from which an ob-

served dose-response curve and the efficiency of the probe can

be estimated. The concentration of the ion of interest can be

predicted knowing the radial distance from the source to the

measurement point. Such a source has been used to create a

calibration in a single dimension. A correct 1-D calibration is

only obtained when measurements are made on a diffusional

axis emanating from the source. Until now the 3-D version of

the NVP, has been calibrated by using this artificial source and

applying the 1-D predictive equation. However, a method in-

corporating all of the strengths of the 3-D approach would now

be beneficial. A 3-D collection of data typically results in a 7 X
7X7 grid of 343 individual, equispaced. 3-D observation vectors,

dV = O
ijk

=
\n\x,. juV yj , MVz k ; i.j.k

= ... 6}, ot>V-
differences with element O3U3 at the nominal point of closest

approach to the diffusional source which has geometric location

|x 3 , y , z 3 }

=
{0,0,0} (Fig. 1). If one gradient estimate were

made for each dimension at each grid position at 0.3 Hz, the

time to complete each 7X7 plane of data would be (3 X 7 X
7 X 3 s)

= 7 min 21 s. The resultant planes of 49 dV s can be

in XZ plane, at y = 0.

-60

XT

-6 I

X-axiu ()

Figure 1 . Contour plot of 7X 7 observed ^ ^'-differences, d\ '. at 20 urn

internals in the plane of closest approach to a 100 mM Cad? source

diffusing into a background concentration of 1 mM CaCl2 . The point of

closest approach was at O30i but the estimated axis of ion diffusion in

this plane is 20 pm away at A,

used to fit the unknown parameters of an expected /jV-difference

equation. The probe need not be placed on the actual axis of

diffusion but merely close to it. The position of the axis of dif-

fusion. A =
{XA . 0, ZA |. in theO-plane of closest approach {i.e..

at y
= 0) becomes another parameter to be fit by the equation

of linear concentration relation with the inverse of distance,

C x , y . z
= Cb + K/(rxyl

+ !).

The equation for the expected value of jjV-difference, dV E(r),

to be measured at a radial distance, r, units along that concen-

tration curve is now given by.

dV E(r)
= -103 -S-eff-K-e'

r-(Cb + K/(r + 6r/2))

where the effective radius from an observation point {x,y,z} to

the infinite source, r, is given by

r = rxy2 r .

In the 3-dimensional case. r
x>z , is measured from the observation

point to the diffusional axis, A . computed by

rxy7
=

I
O

ijk

- A .

The geometric coordinates of A<, are determined by finding the

location of the maximum j*V difference in the plane of closest

approach (Fig. 1 ). The parameters of the above equations, other

than TO and eff, are discussed in detail elsewhere (2): briefly, S
is the familiar Nernst coefficient for the ion of interest; K is the
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slope of the concentration equation for Cxy ,z ; e is the base of

natural logarithms. The unknown parameters are estimated by

well-known methods of analytic geometry. First r is estimated

by linearizing the equation for Cxyz , which then allows K to be

estimated by linear regression. Finally eff is estimated by min-

imizing the Chi Square statistic on the observed versus the ex-

pected fiV difference, Chi Square = (dV - dVE )

2
/dVE .

These equations can then be applied to biological data col-

lected in a few planes tangential to the source such that a point

and a disc source of ions can be distinguished. Such sources are

very often quite weak, so a simple one-dimensional transect away

from a source does not yield much data.
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Lobster Orientation in Turbulent Odor Plumes: Simultaneous Measurement

of Tracking Behavior and Temporal Odor Patterns

Jennifer Basil and Jelle Atema (Boston University Marine Program. Marine Biological Laboratory)

Chemical cues play an important role in the food searching

behavior of the lobster, Homants americanus. Previous studies

have shown that bilateral antennular chemoreception is necessary

for search efficiency within a turbulent odor plume (1, 2). The

manner in which lobsters orient within plumes indicates that

there is directional information contained within turbulent odor

plumes (3).

In addition, using chemical sensors (In Vivo Electrochemical

System. IVEC) capable of measuring a tracer (dopamine) in sea-

water, Moore and Atema (4) measured the fine-scale, three-di-

mensional structure of plumes. Plumes showed spatial gradients

of such features as pulse height, onset slope, and distribution,

which could provide directional cues to orienting animals. The

purpose of the present study was to implement techniques from

which we could determine whether animals extract and use fine-

scale features to successfully navigate to a distant odor source.

In the present experiment, behavioral and electrochemical

measurements were made in a flow-through flume (250 X 90 X

20 cm). The food stimulus was gravity-fed through a Pasteur

pipette positioned so that the nozzle released stimulus at the

cross-sectional center of the tank, 9 cm off the bottom, at the

upstream end of the flume. The lobster carried two IVEC elec-

trodes mounted directly over the lateral antennules, and a sub-

mersible amplifier on its back. The backpack was connected, by

a 2.5-m flexible cable, to a computer that ran the electrochemical

software (IVEC). The overhead film record of the freely orienting

lobster could be synchronized with the real-time concentration

measurements.

Lobsters were fed twice weekly and were deprived of food for

3-10 days prior to each trial (3). Twenty-four hours before a

trial, a lobster was fitted with a black plastic blindfold and allowed

to habituate to the orientation arena. Food extracts (squid, clam,

mussels) with tracer were used as stimuli (source tracer concen-

tration = 40 mAf).

The stimulus was introduced into the arena when a lobster

settled into the downstream shelter. Localization was considered

successful only if the lobster approached to within 15 cm of the

Onset Slope vs Heading
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much higher concentration, and have steep onset slopes. As the

steepness ol'the onset slopes increased, the headings of the ori-

enting lobster improved (Fig. 1).

The events at t
= 25 s give an indication of how a lobster

might be using differential information at each antennule to

make directional decisions. After a large signal is detected by

the left electrode, the animal moves 30 degrees to the left. Sub-

sequently, a large signal encountered by the right electrode is

closely followed by rightward movement relative to the source.

As the animal nears the source and the onset slopes remain

greater on the left than on the right, the animal moves slowly

to the left and ultimately reaches the source.

These experiments show that a number of odor patch variables

change as the animal moves towards a distant odor source.

Changes in these variables, onset slope in particular, appear to

be correlated with changes in the animal's behavior, particularly

heading angle, turning angle, and walking speed.

Supported by NSF IBN 9212650.
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Lobster Orientation in Turbulent Odor Plumes: Electrical Recording

of Bilateral Olfactory Sampling (Antennular "Flicking")

Ann E. Leonard, Rainer 1'oigt, and Jelle Atema (Boston University Marine Program,

Marine Biological Laboratory)

Distance orientation to odor sources in the American lobster

is mediated by the lateral flagella of the first antennae (lateral

antennules) ( 1 ). Antennular flicking is closely associated with

stimulus acquisition. The maximal flicking frequency is ap-

proximately 4 Hz (2). Each base of an antennule consists of

three segments; the distal segment bears a lateral and a medial

flagellum. Each segment has a depressor and a levator muscle

(similar to the second antenna) (3); the antagonistic muscles in

the distal segment control the flicking motion. In this study we

extended techniques (2) to now measure extracellularly the bi-

lateral electrical activity that occurs in the distal segment in as-

sociation with each flick in a freely moving lobster.

We implanted Teflon-coated silver wire electrodes (O.D.:

75 A*m bare, 1 12.5 ^m coated; Medwire) in the distal segment

of each antennule. A small hole was drilled through the exo-

skeleton in a dorsal-medial position over the depressor muscle.

An electrode was inserted, then secured and sealed with cy-

anoacrylate (Zap-A-Gap and Zip Kicker). An indifferent elec-

trode (Ag-AgCl wire) was attached to the lobster's carapace. The

lobsters were allowed to recover from the implantation procedure

until flicking motion indicated little impairment of each flick.

The extracellular activity was differentially amplified with stan-

dard electrophysiological equipment and recorded on a VCR
for later analysis. Simultaneous recording of neuronal activity

on the audio channels and videotaping of the flicking motion

allowed synchronization of the electrical response and flicking

behavior. Visual/manual and computer-automated flick rec-

ognition were comparable, showing the reliability of the auto-

mated method (Fig. 1 ).

To quantify bilateral sampling behavior, a blindfolded lobster

was placed in a small flume (125 X 18 X 20 cm) with a flow of

2 cm/s. Electrical records indicate independence of flicking of

the left and right antennule. Often one side showed higher flick

frequency than the other. When encountering a plume of odor

(squid extract 10 mg/1 and rhodamine dye), the flick frequency

increased bilaterally from 1-2 Hz to 2-4 Hz.

JLJUU LJUL23456
Time (s)

7 8 10

Figure 1 . (A) Recording ofextracellular (probably neural) activity as-

sociated with antennular flicking (filler window: I H: low, 1 kH: high:

vertical scale: 25 \iV). (B) Integrated responses ofrecord in A (R-C Filter) .

Triangles indicate flicks selected automatically by computer program.

(C) Event marker record ofvisual determination of antennular flicks lags

about 0.2 s behind automated record, but shows same flick recognition

bv both methods.

These results indicate reliable recording of bilateral flicking

activity in freely moving lobsters. This technique will be used

in correlating the rate of stimulus acquisition with the decision-

making process of lobster chemotaxis.

Supported by NSF (IBN-92 1 2650; JA) and a Howard Hughes

fellowship (AEL).
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Reference: Biol. Bull. 187: 274-275. (October, 1994)

Food Detection and Preferences of the Nudibranch Mollusc Hermissenda crassicornis:

Experiments in a Y-Maze

Elizabeth Tyndale, Ccmxita Avila, and Alan M. Kitzirian (Marine Biological Laboratory)

Hermissenda crassicornis (Eschscholtz, 1831), a nudibranch

mollusc, is being reared in our laboratory as a biomedical re-

search model for learning and memory studies. The aim of the

present study was to determine whether Hermissenda, a gen-

eralist carnivore ( 1 ), is able to detect its prey chemotactically,

and whether it displays a preference for certain foods. Previous

studies on other nudibranchs demonstrated their ability to detect

prey from a remote distance (2, 3).

Experiments were carried out in a 35 cm wide X 70 cm long

X 12 cm deep Y-maze with a total equilibrated flow of 1500-

2500 ml/min of ambient seawater (water depth: 3 cm each arm:

17 cm wide). A uniform, unidirectional flow was achieved with

an upstream collimator made of soda straws. Dye tests confirmed

the uniformity of the currents (i.e., stimulus) across the full width

of both arms of the maze.

The hydroid Tubularia crocea, the tunicate Ciona intestinalis,

and the mussel Mytilus edulis were the foods tested. These species

have all been used successfully in the past to feed Hermissenda

in the laboratory (1, 4); Ciona was presented with the tunic

removed, and mussels were presented without shells. Food was

placed on one side of the Y-maze, with the other side remaining

empty. For Y-maze experiments, Tubularia was presented whole;

Ciona in three ways: whole, viscera only, and viscera cut into

pieces; mussels were whole but without shells. In trials testing

for a preference between stalks and polyps of Tubularia. the

pieces of the hydroid were contained in 500-^m mesh bags, one

on each side of the Y-maze.

Healthy Hermissenda. in groups of 3-6, were starved overnight

before being tested. Individuals were selected at random from

the starved group for each trial ( 1 -3 non-consecutive trials/spec-

imen). The nudibranch was placed on the centerline of the Y-

maze, where it received stimuli from both sides (distance from

the food barrier: 40 cm; 12-15 cm from the divider). The trial

ended when Hermissenda was within 3 cm of the food barrier

or after 30 min. The Y-maze was thoroughly cleaned between

trials to remove the mucous trail of the previous specimen, and

the maze was reconditioned by flushing for 10 min with ambient

seawater between trials. Food was switched to the opposite side

of the maze after 3-5 trials, and 33-56 trials were done with

each food item. At least 50 Hermissenda individuals were used.

About the same number of trials were done with the stimulus

on the left and on the right; no significant bias was detected (X
2

).

Results (number of times the side containing food was chosen

vs. number of times the empty side was chosen) were compared

by Chi-squared analysis.

Results of the Y-maze experiments are shown in Table I. In

trials with Tubularia, when a choice was made, the nudibranchs

went to the hydroid side in 72.5% of the trials (or 59% of the

trials including no-choice data). When approaching Tubularia.

a tendency for the pedal locomotion to accelerate in the last few

centimeters was observed. The other foods gave much larger

percentages of negative results (no choice made), whereas the

results in which a choice was made were split about evenly be-

tween the presence and absence of food. When animals failed

to make a choice, they crawled aimlessly or entered a quiescent

state. For all foods tested, the average time for the nudibranchs

to reach the finish line (when they made a choice) was between

6 and 16 min. Additional experiments with Tubularia were car-

ried out at higher water temperatures; they also gave a large

proportion (69%) of no-choice results. When stalks and polyps

Table I

Y-ma:e experiments with Hermissenda crassicornis and various foods

Tubularia (19-21 C) (polyps vs.

stalks)

Food chosen" Blank chosen
2

34% (19) 38% (21)

No choice
3

Tubularia (IO-I2C. !7-19C)
b
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of Tubiilaria were presented simultaneously, the nudihranchs

went to the stalks as often as to the polyps (Table I).

This study demonstrates that Hermissenda can locate Tub-

ularia by chemotaxis. Previous reports (5. 6) indicated that this

nudibranch can locate dissolved food at a distance in the labo-

ratory, but not solid food. In those studies, however, the nudi-

branchs were not tested with unidirectional water currents pass-

ing over food species. Hermissenda did not distinguish between

hydroid polyps or stalks in the Y-maze, choosing equally between

the two. Although they do eat the other tested foods in the lab-

oratory, they were not strongly attracted to them in the Y-maze

experiments. Entire dona may actually be repellent. This fact

might be related to the presence, in C. intestinalis. of a cytotoxic

steroidal hydroperoxide (7, 8). Feeding experiments done pre-

viously with adult Hermissenda showed that a diet of Tubiilaria

sustained a higher growth rate than diets of dona viscera or

mussels. These results reinforce the fact that the latter two foods

are useful only as maintenance diets (9).

High percentages of negative trials (no choice expressed) in

similar chemotactic experiments have been reported in the lit-

erature, putatively due to variability in the animal's physiological

state and environmental conditions (3). In our experiments,

negative results (no choice) increased in direct relationship to

seawater temperature (Table I). A water temperature of 24C
greatly exceeds the normal temperature range for Hermissenda.

Because Tubiilaria is also a natural inducer of larval metamor-

phosis, detection and selection of the hydroid as preferred prey

can be ecologically critical to Hermissenda, by increasing the

rate of larval and juvenile survival.

Financial support from the Woods Hole Marine Sciences

Consortium to E.T. and the Catalan and Spanish Governments

to C.A. are gratefully acknowledged. This research was supported

by a grant to A.M.K. (N.C.R.R.-N.I.H.; P40-RR03820). Thanks

are also due to Dr. J. Atema and Dr. R. Voigt for lending us

the Y-maze for our experiments. Technical support of C.T.

Tamse is also acknowledged.
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Aggression-Reducing Courtship Signals in the Lobster, Homarus americanus

Paul Bushmann and Jelle Atema (Boston University Marine Program, Marine Biological Laboratory)

Shelters are very important for lobster social behavior. Males

defend shelters ( 1 ), and dominant males in large "mating" shel-

ters are more likely to mate (2). Females enter such occupied

"mating" shelters and cohabit for about two weeks, during which

time they molt and mate (3). Intermolt, transient matings have

also been reported (4). The latter have been observed only in

artificial laboratory' conditions, but they do suggest multiple

mating strategies.

This paper examines male and female entry of occupied shel-

ters, and the postural and chemical signals used to communicate

with the resident male. All experiments were carried out in a

3.7-m. Y-maze flume with a mating shelter in each arm. Seawater

entered behind each shelter, flowed down each arm and through

each shelter at 1 .0 cm/s, and drained through a standpipe placed

downstream at the other end of the flume. Two different dom-

inant males were used throughout the experiment. A test began

by placing one of the dominant males in one of the shelters,

fitted with a transparent top. The other shelter was left empty.

The test animal was placed behind a gate downstream near the

standpipe. After 10 min the gate was removed and the animal

allowed to move throughout the flume for 15 min. A camera

over the flume, and another over the shelters, allowed observation

of the visiting animal's movements in the flume and behaviors

inside the shelter. Ten mature males and 15 mature females

were tested. All experiments were conducted during the dark

phase of a 14:10 light cycle. The flume was illuminated by dim

incandescent bulbs, and the shelters by a red photographic safe-

light. Visiting animals were tested with and without an attached

nephropore catheter, which collects urine, preventing its release

into the water.

Of the 10 visiting males tested, 8 attempted to enter the oc-

cupied shelter. The resident male resisted, primarily by pushing

with his claws. Occasional bouts of higher level aggression, such

as claw lock (seizing an opponent with one claw), scissoring

(rapidly crossing closed claws), and snapping (ripping an op-

ponent with claws) were seen. Four of the five successful entering

attempts required eviction of the resident. Blocking urine release

had no significant effect upon resident male or visiting male

behavior, or the visiting male's ability to evict the resident.

Females of all molt stages also attempted to enter the male-

occupied shelter ( 1 3 of 1 5 tested), but the resident male's reaction

was quite different. In all but two cases the females were allowed
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Open catheter Closed catheter

Entering

Mating behavior

Pushing with

claws

Claw lock,
scissor, snap

2 4 6 8 10 12 14 16

Summed occurrence of behaviors

Figure 1. Occurrence of shelter behaviors when visiting females were

tested under open (urine released) or closed (no urine released) catheter

conditions. Behaviors were scored oncefor each occurrence during a test.

Counts were summedfor the 15 females tested and differences between

conditions were analyzed using the Wi/co.wit signed rank test. Stars in-

dicate significant differences. Upper slur: 2 = -2.17. P < 0.05. Lower

star: : = -2.20. P < 0.0?.

to enter, and no eviction of the resident occurred. Of those that

entered, seven were mounted by the male, and two mated. The
females that mated were intermolt, suggesting that intermolt

matings may normally occur in shelters.

The resident male's distinct reactions to males and females

suggest that females are communicating at least their sex. Both

postural and chemical communication were observed. A female

that had entered always assumed a submissive posture, often

presenting her abdomen to the male. This resulted in the ces-

sation of male pushing. These postures have been reported in

premolt females at the beginning of cohabitation (2). They were

observed here in both premolt and intermolt females and one

male, suggesting their general utility as aggression-reducing sig-

nals. Visiting females released urine at a higher rate (40.5 iA/

min) during the experiment than in isolation ( 10.5 ^l/min), sug-

gesting the involvement of female urine in shelter entering.

Blocking visiting female urine release did not prevent entering,

nor did it significantly affect the occurrence of mating behavior,

but it did increase the occurrence and intensity of resident male

aggression (Fig. 1).

Females of all molt stages can and do enter male shelters.

They use both postural and chemical signals to accomplish this

entry, and may mate with the resident male. In this way, a mi-

grating female could obtain temporary protection and the use

of a shelter. The male's benefit is less clear. If he cannot initially

ascertain the reproductive state of the female, he may accept her

even with a small chance of mating success.

Supported by NIH 2POINS25915-04A1 to J.A.
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The Effect of Coastal Land LIse on Inorganic Nutrient Concentrations in Groundwater Entering Estuaries

of VVaquoit Bay, Massachusetts

Kristin McDonnell, Michelle Rudy, Ivan I 'a/iela, and Kenneth Foreman

(Boston University Marine Program, Marine Biological Laboratory)

Land use determines nutrient loading to estuaries by affecting

the major sources of nutrients (e.g.. septic systems, fertilizer, or

atmospheric deposition). In watersheds with unconsolidated sand

sediments, groundwater is the primary transporter of nutrients

to coastal estuaries (1). To investigate the effect of land use on
nutrient concentrations in shallow estuarine systems, we mea-

sured inorganic nutrients in groundwater entering three estuaries

of Waquoit Bay. The subwatersheds surrounding these estuaries

vary in degree of uibanization, and we chose percentage of land

covered by residential area as a convenient descriptor of land

use. Percent residential area was estimated from a Geographical

Information System map. Of the three subwatersheds, Childs

River has the greatest residential area (27%), Quashnet River

has a moderate amount (7%), and Sage Lot and Flat Ponds have

the lowest percentage (3%).

Groundwater samples were collected at intervals ofabout 50-

100 meters along the periphery of the three estuaries. All samples

were analyzed for nitrate (NO3 ~) and ammonium (NH/) on a

Lachat autoanalyzer and for phosphate (PO4
3
*) by a manual

method, adapted from Strickland and Parsons (2). for deter-

mining reactive PO4
3+

.

Mean NO 3

~
concentration in groundwater was greatest at

Childs River, lower at Quashnet River, and lowest at Sage Lot

and Flat Ponds (Fig. I, left panels); thus, NO 3

~
concentrations

paralleled the gradient in percent residential area. The presence

of samples with high NCV concentration (100-1000^/) at
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Figure 1 . Frequency distributions ofinorganic nutrient concentrations

in three estuaries of Waquoit Bay. AH graphs show mean concentrations

standard error. [Note: distributions do not include suspected anoxic

samples (sulfurous or tinted samples).}

Childs River and Quashnet River, combined with the absence

of such spikes at Sage Lot and Flat Ponds, suggests input by

plumes from septic tanks.

Mean NH 4
+
concentration in groundwater varied over a rel-

atively small range across the three sites (Fig. 1. middle panels).

NH4
+
contributed less than 5% of the mean dissolved inorganic

nitrogen (DIN) at Childs and Quashnet Rivers. Most of the in-

organic nitrogen, therefore, enters these two estuaries in the form

of NO,". Nitrogen from septic tanks and soils enters the aquifer

in reduced forms, such as NH4
+
[untreated septic water contains

up to 8000 nM NH4
+

(J. McClelland, unpub. data)], which are

oxidized to NO 3

~
in the aquifer before reaching the estuary.

Mean PO4
' +

concentrations were relatively low and similar

in the three estuaries (Fig. 1 , right panels). One would not expect

PO4
3+

to vary across the sites, despite a gradient in residential

area, because PO4
'*

is readily adsorbed by soils.

Groundwater data from Waquoit Bay suggest that differences

in land use can have a major effect on the concentrations of

nitrogen entering a shallow estuary. To estimate the loading from

groundwater to receiving estuaries and to estuarine systems, such

as Waquoit Bay. concentration data such as those reported in

this paper must be converted to flux by estimating actual water

and nutrient transport. Calculated values of total system loading

will be useful in deciding how to manage coastal estuaries

threatened by eutrophication.

This work was supported by Waquoit Bay Land Margin Eco-

systems Research and a Research Experience for Undergraduates

grant. Special thanks to Lori Soucy for operating the autoana-

lyzer.
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From Watershed to Estuary: Assessment of Nutrient Loading, Retention, and Export

from the Ipswich River Basin

Krista K. Ingram, Charles S. Hopkinson, Katherine Bowman, Robert Garritt, and Joe I 'allino

(Marine Biological Laboratory)

High concentrations of dissolved nitrogen and phosphorus

(80-150 tiM N and 20-70 \iM P) have been observed in small

streams draining predominantly urban and agricultural wa-

tersheds within the Ipswich River drainage basin; at the same

time, low nutrient concentrations in water are exported from

the lower end of the river (< 20 nM N and 2 nM P) (Hopkinson,

pers. obs.). To investigate this seeming paradox, transects were

run along the entire 40-km length of the river to determine where

nutrients were being removed, and a mass balance budget of

nutrients was constructed for the entire drainage basin.

Concentrations of inorganic N and P were low along the entire

length of the river, averaging 14 pM NO 3 ~-N, 1 i*M NH/-N,
and 0.6 ^M PO4

3
"-P. Concentrations were elevated at only 1 to

3 of the 20 stations investigated, and these were sites immediately

adjacent to streams draining heavily populated residential areas

or agricultural areas with livestock. Thus it appeared that high

concentrations of nutrients entering the river were removed

within 1-2 km downstream.

A nutrient mass balance budget for a 3-month growing season

was constructed, including estimates of nutrient loading, uptake

by wetland vegetation, and export from the watershed. Loading

was estimated by combining information on land use for the 1 1

watersheds within the Ipswich River drainage basin with liter-

ature values for nutrient runoff from various types of land use

and known point sources (1, 2, 3). Land use information was

obtained using data from the Massachusetts Geographic Infor-

mation System for 1985. In 1985, approximately 50% of the

Ipswich watershed was classified as forest, 22% urban, 1 3% agri-
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Figure 1. Annual budget of nitrogen loading, uptake, and export for

the Ipswich River drainage basin. Units are in metric tonnes for a 3-

monlh growing season during summer. (Drawn by Bob Colder.)

culture, and 12% wetland. Estimates of 3-month loading for

individual watersheds draining into the Ipswich River ranged

from < 10 to 250 metric tonnes N and < 10 to 130 metric

tonnes P.

Nutrient uptake by wetland vegetation along the Ipswich River

was calculated from information on wetland area along the 1 1

reaches identified for the Ipswich River, observed species com-

position, and literature values for plant productivity and N and

P content (4). Estimates of nutrient uptake for each reach ranged

from 1 to 50 metric tonnes N and < 1 to 15 metric tonnes P.

Variation between reaches was due solely to variations in wetland

area.

The nutrient mass balance for the Ipswich River drainage

basin indicated a large discrepancy between calculated nutrient

loading and wetland plant uptake and measured export (Fig. 1 ).

The total mass balance was constructed by summing values for

each of the 1 1 watersheds. Of the 975 tonnes of nitrogen cal-

culated to be entering the river, only 4 tonnes were measured

leaving the river over the dam in Ipswich. Wetland vegetation

was calculated to remove approximately 261 tonnes of N. This

leaves 710 metric tonnes that could not be accounted for with

this analysis. Additional removal mechanisms that are probably

important include microbial immobilization, sedimentation,

denitrification, and uptake by vegetation in the extensive riparian

zone along the river.

These observations and calculations reveal the important role

of river-basin processes in the removal of nutrients originating

in agricultural and urban areas. In addition, the study indicates

how increases in urbanization and decreases in wetland buffer

communities can affect the chemical composition of riverine

and estuarine systems.

This research was supported by supplemental funding to NSF

grant (OCE-92- 14461 ) from the NSF Research Experiences for

Undergraduates program.
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Dissolved Organic Nitrogen in Groundwater Bordering Estuaries of Waquoit Bay, Massachusetts:

Relations with Watershed Landscape Mosaics

Michelle Rudy, Kristin McDonnell, Ivan Valiela, and Kenneth Foreman

(Boston University Marine Program, Marine Biological Laboratory)

Anthropogenic activity generally increases inorganic nutrient

content of groundwater ( 1 ), but factors influencing dissolved

organic nitrogen (DON) are less well known. In this study we

examine the effect of human activity as well as natural landscape

configuration on concentrations of DON in groundwater.

In unconsolidated sandy soils like those that underlie the Wa-

quoit Bay watershed, virtually all fresh water flows via ground-

water transport ( 1 ). To assess the DON that potentially reaches

three estuaries of Waquoit Bay, we collected fresh groundwater

samples (salinity < 0.5 ppt) from the periphery of each estuary.

Paniculate matter was excluded from our samples with a 0.45 ^m
pore-size filter. We analyzed groundwater samples for total ni-

trogen by the method of D'Elia el a/. (2), and nitrate (NO 3~) by

Lachat autoanalyzer.

To assess the impact of urbanized areas on concentrations of

DON in groundwater, we selected three watersheds that sup-

ported differing percent residential area (27% in Childs River,

7% in Quashnet River, and 3% in Sage Lot Pond) (3). Mean

concentration of DON in groundwater samples was higher in

watersheds with lower percentage of residential area (Fig. 1, left

column). This pattern contrasts with the large increase in dis-

solved inorganic nitrogen (DIN) observed in Childs compared

to Sage Lot Pond groundwater (4). In our most urbanized site,

DON:DIN in groundwater was approximately 1:2. In our least

urbanized site, the ratio of DON:DIN was 7:1.

DON concentration seems not to be related directly to ur-

banization, but rather to the mosaic of vegetation covering the

surface of the land. For example, mean concentration of DON
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Table I

Comparison ofthe growth ami consumption rales ofalgae growing in estuaries of high and low nutrient loading rates

Childs River (high nutnent) Sage Lot Pond (low nutrient)

Growth in the Absence of Grazers (gww)

Daily mean SE Increase

Consumption by Grazers (gww)
Dailv mean SE

Daily mean SE Increase

Viva
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Reference: Bio/ Bull 187: 281. (October. 1994)

The Effect of Nutrient Loading on the Growth Rate of Two Species of Bivalves,

Mercenaria mercenaria and Mya arenaria, in Estuaries of Waquoit Bay, Massachusetts

Anna Chalfoun, James McClelland, and Ivan Valiela (Boston University Marine Program,
Marine Biological Laboratory)

281

Nutrient loading can accelerate primary production and hence

affect consumers that depend on producers. This study inves-

tigated the effect of nutrient loading on the growth rate of two

species of benthic suspension-feeding bivalves, soft-shelled clams

(Mya arenaria) and quahogs (Mercenaria mercenaria). Such a

link can be inferred from correlations between growth of Mya
and concentrations of chlorophyll a and paniculate organic

matter ( 1 ). Three estuaries of Waquoit Bay (Childs River,

Quashnet River, and Sage Lot Pond) differ in the extent to which

they are urbanized, and thus provide a gradient of nutrient load-

ing, with the highest loading at Childs River and the lowest at

Sage Lot (2). Nutrient loading in Waquoit Bay is proportional

to percent residential area; Childs River has 27% residential area,

Quashnet 1%, and Sage Lot 3% (3).

Clams were placed in 11" by 7" by 4" plastic boxes covered

with chicken wire, and half filled with sand. They were set out

at three sites, of similar depth and salinity, in each of the three

estuaries for eight weeks in midsummer. Boxes of each species

were deployed at each site, and six clams were placed in each

box. The clams were numbered, measured with calipers to the

nearest 0.5 mm. and separated into three size classes to ensure

that each box contained representative sizes.

Mya and Mercenaria growth rates were inversely correlated

to size (Fig. 1 ); the larger the size, the slower the growth rate, as

commonly found (4).

Growth rates increased with increased nutrient loading (Fig.

1, top). With Mya, all three size classes exhibited the highest

growth rates in Childs River, and the lowest in Sage Lot Pond.

Quashnet growth rate values were intermediate to the two ex-

tremes.

Mercenaria also showed faster growth in Childs River (Fig.

1, middle). Unlike growth of Mya. however, growth of Mercen-

aria was lowest in Quashnet River. Although chlorophyll a con-

centrations (a proxy for bivalve food availability) in Quashnet

are intermediate (Fig. 1, bottom), water moves through Quashnet

much faster than through the other two estuaries (Fig. 1 , bottom ).

Mercenaria depends primarily on suspended phytoplankton for

its diet, so faster water exchange may limit its efficiency in filtering

particles and thus slow its growth. Mya, however, feeds on a

mixed diet of resuspended detrital particles and plankton (D.

Leavitt. pers. comm.), and so may not be as affected by the faster

flow regime in Quashnet River.

Bivalve growth does respond to increases in nutrient loading,

albeit indirectly through the effect of loading on primary pro-

ducers. In addition, the hydrography of estuaries can affect

growth rate, at least in the case of quahogs.

1 5-

2 1.3-
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Reference: Biol. Bull 187: 282-283. (October. 1994)

Long-Term Changes of Macroinfaunal Assemblages in Experimentally Enriched

Salt Marsh Tidal Creeks

Rafael Sardd (Centra de Estudios Avanzados de B/anes, CSIC, 17300-Blanes (Girona), Spain),

Kenneth Foreman, and Ivan I 'aliela

We evaluated the long-term effects of resource enrichment

on benthic community dynamics by manipulating nutrient sup-

ply in the field, allowing other factors such as climate and pre-

dation to vary naturally. Starting in 1974, we increased supply

of food resources to a typical oligohaline deposit-feeding com-

munity ( 1 ) by experimental enrichment with fertilizer (2). For

20 years, experimental plots have been fertilized with 75 g m~
2

week' 1

of a sewage-sludge-based fertilizer every two weeks from

April to November. Sediment samples were collected at the be-

ginning of the experiment, and again after 15 years, from benthic

creeks that bisect each experimental plot. Macrofauna in these

sediments were identified, counted, and measured.

Initially, fertilization increased the biomass of the benthic as-

semblage and stimulated growth of populations of opportunistic

polychaetesinthecreeks(3). After 15 years of nutrient addition,

significant differences in both abundance (F =
1 1.23, p < 0.01)

and biomass (F =
1 1.45, p < 0.01) were still found between

fertilized and control creeks; however, biomass of the benthic

assemblage in fertilized creeks was lower than it had been when

first sampled in 1974. The decline in biomass within fertilized

creeks is due to a shift in species dominance from opportunistic

polychaetes to oligochaetes (the naidid Paranais litoralis and

the tubificid Monopylephorus evert us).

The frequency distribution of monthly biomass classes is

shown in Figure 1. The number of individuals per biomass class

in fertilized creeks (open bars) exceeds that in control creeks

(filled bars) during May-June and again in November-January.

Macroinfauna responded to enrichment in spring and fall, but

not in summer. The May-June response is due to blooms of the

oligochaete P. litoralis. The November-January response is due

to blooms of A/ evertus. Caging experiments have demonstrated

that the summer decrease was due to intense predation (4).

The coexistence of these two oligochaete populations can be

explained by resource partitioning. Fertilization with sewage

sludge increases primary production in these experimental plots.

In spring, fertilizer addition increased the concentration of chlo-

rophyll (/ in the creeks (5). and the population off litoralis

grew using this resource. In fall, fertilizer addition increased the

quality and quantity of Spartina detritus in the creeks, and the

population of A/, everiu.t grew using this high-quality detritus.

Biomass peaks detected in fall and early winter were higher than

those observed in spring because A/ evertus is a larger species

than P. litoralis.

Long-term enhancement of resource supply has modified the

species composition of the creek fauna, leading to the dominance

Figure 1. Monthlyfrequency distribution ofbiomass classes in fertilized

(open bars) and control (filled bars) creeks. Each month shows average

biomass pooledfrom two years ofsampling.
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of oligochaete species during two periods of the year. During

these two periods, food limitation is a dominant factor regulating

the community, whereas during summer, predation regulates

macroinfaunal abundance and biomass (4).

We acknowledge Salt Pond Sanctuaries and Dorothea and

the late Arnold Gifford for use of their land. This work was

supported by grants from the National Science Foundation,

Victoria Foundation, and the Pew Memorial Trust. A Fulbright

Fellowship and an MBL Associates Fellowship supported Rafael

Sarda during this work.
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Effects of Algal Biomass on Benthic Nitrogen Flux in Nutrient-Loaded Estuaries

of VVaquoit Bay, Massachusetts

Peter Hurlbut (University ofMassachusetts, Amherst), Charlene D'Avanzo,

Deepti Sethi, and Kerry Guilfoyle

To test whether increased nitrogen loading from watersheds

leads to increased rates of benthic regeneration, we measured

rates of ammonium release in three estuaries of Waquoit Bay,

Massachusetts (Childs River, Quashnet River, Sage Lot Pond),

and a beach in Woods Hole by using benthic chambers. Childs

River, Quashnet River, and Sage Lot Pond receive different

amounts of nitrogen loading, from highest to lowest respectively,

from their watersheds ( 1 ), and the Woods Hole beach receives

little or no loading.

Dark benthic chambers were placed over bottom sediments

of each estuary at similar depths. Algal biomass differed in the

sites at which we carried out the ammonium release measure-

ments. Water samples were taken from the head space of the

chambers over a 4-h period, and ammonium concentrations

were measured by the indolephenol method (2). Any high initial

ammonium concentrations showed a disturbance of algae, and

those chambers were not used.

Benthic ammonium release was nearly equal for Childs River.

Quashnet River, and Sage Lot Pond. The average ammonium
release in Childs River was 233.7 108.2 ^mol/m/h: for

Quashnet River it was 249.3 100.8 jimol/nr/h; and for Sage

Lot Pond the average was 209.3 34.9 ^mol/nr/h. These values

do not differ significantly, so different loading rates do not alter

the rate of ammonium release.

It was the amount of seaweed biomass that increased with

nutrient loading (Fig. 1 ). Where there was no seaweed, rates of

NH 4
+
release for bare sediment in the three sites ranged between

100 and 200 Mmol/nr/h. This range is near average for coastal

marine systems (3). In sites with higher algal biomass, however,

ammonium flux rates are up to three times higher than reported

rates. Algal biomass depends on nutrient loading ( 1 ), so NH/
release rates are therefore indirectly related to loading from wa-

tersheds.

To evaluate the relative magnitude of the rates ofNH4
+
release,

we compared them to loading rates from the watersheds. Average

algal biomass for each system was obtained from unpublished

data of Douglas Hersh. The average algal biomass for Childs

River is 383 g/nr, Quashnet River is 147 g/nr, and Sage Lot

Pond has an average aquatic vegetation biomass of 200 g/nr.

The ammonium flux rate, adjusted to algal biomass and to the

area of each estuary (4), was also used to derive NH4
+

release

rates that could be compared to inputs. Regeneration rate of

Childs River was highest ( 1 50 mg N/nr/d): Quashnet River and

Sage Lot Pond had lower rates (90 mg N/m :

/d and 1 10 mg N/

o
600
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Algal Biomass (g/m2)

Childs River Quashnet Sage Lot Pond

Figure 1. Algal hiimiaxx versus ammonium flux rate. (Note: Woods

Hole beach was added !o Sage Lot Pond as a low-loading control site )
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nr/d. respectively). Childs River ammonium flux is about 23%
of the total dissolved nitrogen input (670 mg N/nr/d) for the

same period. This percentage is slightly lower than has been

found for nitrogen regeneration in Narragansett Bay, which ac-

counts for 40% of nitrogen in the water column (3). Sage Lot

Pond's dissolved nitrogen input (3.6 mg N/nr/d) was 25 times

lower than the flux rate of 90 mg N/m
2

/d.
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Daily Variation in Phytoplankton Production in Two Subestuaries of Waquoit Bay, Massachusetts

Jessica L. Boxhill, Lory Santiago Vazquez, Timothy R. Harrison, Kenneth Foreman, (Boston University

Marine Program, Marine Biological Laboratory), and James N. Kremer

21 28 5 12 19 26
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|

Much work has been devoted to documenting seasonal vari-

ation in primary phytoplankton production; however, few studies

have examined variation on a daily basis. Moreover, the use of

data collected once per month to estimate seasonal production

has recently been criticized ( 1 ). We performed a time-intensive

study of phytoplankton production in the Quashnet and Childs

Rivers, two shallow coastal estuaries, subject to different rates

of nutrient loading (2). We hypothesized that day-to-day phy-

toplankton production would be strongly correlated with irra-

diance levels, water temperature, and nutrient loading. r>

We made successive daily measurements of phytoplankton

production and light extinction with depth over two 1 1- to 12-

day intervals (22 June-3 July 1994 in Quashnet and 17-27 July

in Childs). Surface and bottom water samples were collected in

light and dark bottles (3) and incubated in situ between 1000

and 1400 h, the period of maximum irradiance. Concentrations

ofdissolved oxygen in the bottles were determined by the Winkler

method and used to calculate an average hourly rate of gross

primary production (GPP). Irradiance levels were recorded

hourly by the WBNERR Meteorological Station, and water

temperature was measured by an Endeco Model 6000 data log-

ging sensor package, deployed in the water column. Figure 1A

illustrates the variation in these physical conditions during the

study.

Our data show that gross primary production was higher in

the Childs River, and that it fluctuated daily in both estuaries

(X = 0.92 mg O2/l h, CV = 39%, X = 0.39 mg O,/l h, CV =

62% for Quashnet) (Fig. IB). To examine the sources of this

variation, we compared rates of GPP in both estuaries to the

average irradiance, during the 4-h incubation period (Fig. 1C).

These data indicate that light has no effect on GPP in either

estuary. The phytoplankton production was consistently higher

in Childs than in Quashnet over the same range of irradiance.

Light does not appear to be a limiting factor for GPP during

L

30
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summer, and it does not explain the difference in GPP between

the two estuaries. Average light levels at mid-depth in the

Quashnet and Childs were 693 nE/m
2
h and 319 nM E/m

2
h re-

spectively. These values are at or above saturating irradiance for

phytoplankton typically found in coastal waters (4). Similarly,

we observed no relationship between water temperature and

GPP. We did. however, find a trend in the GPP differences be-

tween the two estuaries. Phytoplankton production in the Childs

River was significantly higher than in Quashnet, which may be

explained by previously measured differences in nutrient loading

and nutrient concentrations in freshwater input (2).

Figure 1 D shows the relationship between the average time-

intensive data (summer, 1994) and the average monthly data

(June-July) for both estuaries over the period of 1990-1993.

The mean GPP rates from our study do not appear significantly

different from the prior three years for the same season. This

suggests that daily variations in phytoplankton production may

be comparable to the variation that occurs on an inter-annual

time scale.

This work was supported by the Research Experience for Un-

dergraduates program.
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The Effects of Wind Speed and Direction on Stratification and Phytoplankton Production

in an Estuary of Waquoit Bay, Massachusetts

Lory Z Santiago Vazquez, Jessica L. Boxhill, Timothy R. Harrison, James N. Kremer, and

Kenneth Foreman (Boston University Marine Program, Marine Biological Laboratory)

Mixing between surface and bottom waters in partially strat-

ified estuaries can alter water column productivity by changing

the residence time and also by making regenerated nutrients

available to plankton. Wind forcing, freshwater input, and the

neap-spring tide cycle are important in structuring salinity pro-

files in shallow estuaries ( 1 ). We related the physical factors of

wind speed and direction to water column stratification and

phytoplankton production at Quashnet River, Waquoit Bay (Fig.

1A).

We measured physical factors and phytoplankton production

continuously over a 12-day interval. Wind was measured by

recording anemometers. Salinity and depth were measured by

data-logging sensor packages (ENDECO models 1 184 and 6000).

Sensors were deployed near the surface and bottom of the water

column. Phytoplankton production was measured daily by de-

ployment of clear and dark bottles in which the change of oxygen

was determined by the Winkler method (2).

Wind direction was initially from the southwest on 22-24

June, but wind velocities were low (Fig. IB). Wind direction

changed to the east on 24-25 June, then shifted again to the

southwest on 25 June, and substantial southwest winds (3-

6 m s~') continued to blow for 9 days (Fig. IB). The wind speed

declined, and wind direction shifted to the northeast near the

end of the deployment on 3 July. Hence, the Quashnet River

experienced a sustained period of wind forcing from the south-

west along the main axis of the estuary (Fig. 1A) during our

sampling interval. Such wind forcing may inhibit tidal ex-

change (3).

Bottom salinity stayed fairly constant throughout the deploy-

ment, at an average of 25 ppt (Fig. 1C). Surface salinity tended

to decrease during 25 June-3 July when wind blew from the

southwest, and increased when the wind shifted to the northeast.

Stratification, expressed as the difference in salinities between

surface and bottom waters, increased from 25 June-3 July (Fig.

1C).

Wind direction was more important in controlling mixing

and stratification than wind speed. We did not observe any re-

lationship between wind speed and delta salinity. When the wind

blew from the northeast (downstream), stratification decreased,

as bottom waters, which were more saline, replaced surface wa-

ters, which were rapidly flushed out of the estuary by both wind

and gravitational forces in classic estuarine circulation. When
the wind blew from the southwest (upstream), downstream

transport was reduced, and fresh water accumulated in the sur-

face waters, progressively increasing stratification (Fig. 1C).

The increase in stratification and retention of fresh water

within the estuary provided us with an opportunity to examine

the relationship between phytoplankton production and water

residence time. We expected freshening of the surface water and

increased stratification to result in increased gross production

due to retention of both land-derived nutrients and plankton

within the estuary. The mean rate of gross production over the

sampling interval was 0.19 mgO2 I'
1

h. As a proxy for residence

time, we plotted delta salinity against gross production (GPP).

No substantial correlation was found between delta salinity and

GPP (Fig. ID). The lack of a clear relationship between strati-
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Reference: Biol. Bull 187: 287-288. (October, 1994)

287

Comparison of Phytoplankton and Ecosystem Gross Production in the Quashnet River,

an Estuary of Waquoit Bay, Massachusetts

Timothy R. Harrison, Jessica L. Box/nil, Lory Z. Santiago I 'azquez, Kenneth Foreman, and

James N. Kremer (Boston University Marine Program, Marine Biological Laboratory)

The Quashnet River is a shallow (av. depth 0.5 m) estuary of

Waquoit Bay, Massachusetts, that supports a large biomass of

benthic macroalgae, in addition to phytoplankton producers.

To evaluate the factors controlling the relative contribution of

phytoplankton production to total ecosystem production in the

Quashnet River, we measured both gross phytoplankton pro-

duction (GPP) and gross ecosystem production (GEP), along

with a suite of physical factors, tor 12 consecutive days. We
related change in the ratio ofGPP to GEP to photosynthetically

available radiation (PAR), temperature, salinity, water column

depth, and wind speed and direction.

Phytoplankton production was measured daily as the change

of oxygen in light and dark bottles during 4- to 6-h incubations:

the oxygen concentrations were measured by the Winkler

Method ( 1 ). Ecosystem production was estimated from diel free

water oxygen levels recorded by automated oxygen meters. EN-

DECO model 1 1 84C and 6000 pulsed-sensor oxygen meters were

used to measure the oxygen, temperature, depth, and salinity of

the surface and bottom water, respectively. Wind speed and di-

rection were measured with an Onset Tattletale 2-B computer

linked to a Digitar #7902 anemometer.

The GEP and GPP fluctuated over time, going up or down

in synchrony for most days (Fig. 1A). The average GPP was

1 .32 g O2 m~ 2
d~' (SD = 0.65, SE =

0.20), and the average GEP
was 3.79 gO2 m- 2

d-'(SD= 1.17, SE = 0.353).

The proportion of GEP attributable to GPP has an average

of 35% (SD = 13.4%, SE = 4%) (Fig. IB). The GPP/GEP ratio

ranges from 0.10 to 0.70. The ratio of GPP to GEP was higher

(av.
= 0.69. SD = 0.049) during the last 2 days of the deployment.

This increase may have been due to progressive freshening of

the surface water accompanied by increased irradiance.

Freshening of the surface waters implies increased residence

time, which may allow phytoplankton populations to accumulate

in the estuary. As Figure 1C shows, the Quashnet River became

more stratified (expressed as delta salinity
= bottom - surface

salinity) and fresher over time.

Figure 1 D shows the GPP/GEP ratio plotted against the ratio

of the bottom-to-top salinity. These points are labeled with their

corresponding PAR values, the dark squares being those points

with PAR values >30Eirr 2
d~' and the light squares being

points with PAR values <30 uE m~ : d '. The trends present in

Figure 1 . (A) Gross production in whole ecosystem (GEP) and water

column (GPP) in units ofg O, m~ 2
d~': (B) ratio of GPP to GEP: (C)

change in water column salinity over time: (D) ratio ofGPP GEP plotted

against ratio ofdaily average bottom to surface salinity (numerical labels

associated with each point indicate the daily PAR (E m~- f) during

the day the measurements were made).
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Figure ID include an increase in the GPP/GEP ratio with in-

creased stratification and increased PAR (the dark squares tend

to be higher than the light squares).

Other physical factors measured temperature, depth, wind

speed and direction had no observable relationship with the

GPP/GEP ratio.

In conclusion, GEP and GPP varied with time, increasing

and decreasing in a similar fashion in response to a complex

suite of physical factors. The ratio of GPP to GEP also varied

with time. Although Figure 1 D suggests an interesting relation-

ship, there is still much variability unaccounted for. Further

study of additional multi-day data sets using, for example, mul-

tivariate time-series analysis to assess effects of many interacting

variables is certainly needed to evaluate lags in biological re-

sponses to physical forcing, and to further discern the relationship

ofGPP, GEP, and the GPP/GEP ratio to environmental factors.

This work was supported by the Research Experience for Un-

dergraduates program.
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The Effects of Coupling Between the Oxic and Anoxic Layers of Sediment

on Nutrient Release to Overlying Water

Eileen Monaghan (University ofMassachusetts at Amherst) and Anne E. Giblin

The purpose of this experiment was to determine the effects

of coupling between the oxic and anoxic portions of sediments

on the flux of nutrients to overlying water. We hypothesize that

interactions between the oxic and anoxic layers of sediment may
reduce the amount of nutrients released from the sediment to

the overlying water. Two mechanisms that reduce nutrient re-

lease are the trapping of phosphate by Fe(III) in the oxic layer

( 1 ) and nitrification/denitrification of nitrogen within the layers

(2). We measured the impact of the coupling of oxic and anoxic

layers on the release of nutrients from the sediment into the

overlying water by experimentally separating the layers.

Sediment cores were taken from the Parker River Estuary,

Massachusetts. The cores were 6.5 cm in diameter and 18 cm

deep. The top 2 cm, considered the oxic layer of the sediment

based on Eh data from other cores from the site, was sectioned

from three cores and transferred to new core tubes. The next

10cm of the sediment was then anaerobically transferred to

additional new core tubes. The top 1 2 cm of three more cores

was kept intact to serve as controls. Each core was covered with

500 ml of GF/F filtered water taken from the site and bubbled

continuously: the oxic cores with air and the anoxic cores with

nitrogen. The overlying water of all cores was sampled period-

ically over 10 days. Samples were analyzed for ammonium, ni-

trate, and phosphate.

The anoxic sections released the greatest amount of ammo-
nium and phosphate into overlying water. The control cores

released ammonium and phosphate at a rate intermediate be-

tween that of the oxic and anoxic sections. However, releases

from the control cores were proportionately greater for am-

monium than phosphate. No nitrate was detected above anoxic

sediments, but towards the end of the experiment nitrate ap-

peared in the overlying water of both the oxic and control cores.

The drop in ammonium concentration that occurred with both

the oxic and control cores was more than compensated for by

an increase in nitrate, suggesting that nitrification occurred in

the overlying water. The rate of release of total dissolved inor-

ganic nitrogen (NH4 , NO 3 , NO 2 ) present in the overlying water

was similar for the anoxic and control cores throughout the ex-

periment (Fig. 1).

If the release of nutrients into the overlying water from oxic

sediment layers was independent of the release from anoxic sed-

Figure 1 . Time course ofammonium, nitrate and nitrite, total nitrogen,

and phosphate concentrations in the overlying water. Total nitrogen
=

ammonium + nitrate and nitrite. Nitrite was not measured separately.

Vertical lines represent the standard error ofthe mean for triplicate sam-

ples.
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iment layers, releases from the intact sediment should equal the

sum of nutrient release from the oxic and anoxic sections. How-

ever, as the data show, the release of nutrients from intact sed-

iment is reduced by interactions between the two layers. At the

end of the experiment, the control cores released only 38% of

the phosphate and 77% of the total inorganic nitrogen that was

released from the sum of the separated oxic and anoxic sections.

This research was supported by an LMER grant (NSF-OCE-

9214461). Thanks to Ishi Buffam. Dave Giehtbrock, Chuck

Hopkinson. Kathy Regan, and Amy Uhlenhopp for advice and

assistance with sample analysis.
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Rate of Denitrification in Submerged Salt Marsh Sediments

Rachel Johnson, Michael LaMontagne. and Ivan I 'aliela (Boston University Marine Program,
Marine Biological Laboratory)

Denitrification, a microbial process in which nitrate is con-

verted to NT gas, may provide a significant nitrogen sink in salt

marsh ecosystems. Salt marshes are located on a fringe between

coastal watersheds and receiving estuaries, so that denitrification

in marshes may lower nitrogen loading from the watershed to

the receiving estuary.

To measure rates of denitrification in salt marshes, sediment

cores were collected from marsh sites covered by Spartina al-

lernijlora in Sage Lot Pond, an estuary of Waquoit Bay, Mas-

sachussetts. Cores were sampled five times over a period of in-

creasing temperatures from 10 June to 1 August 1994. We also

measured N 2 flux in another estuary of Waquoit Bay, Jehu Pond.

After submerging the cores in seawater, denitrification was es-

timated by measuring N 2 concentrations over a 12-24 h period

in the water overlying intact cores of salt marsh sediment (Fig.

1A). Water samples were analyzed for N 2 and O 2 content by the

gas chromatography procedure developed by LaMontagne (un-

pub.).

Due to the scarcity of nitrate in salt marsh soils ( 1 . 2. 3), NO 3

~

for denitrification must be supplied by external sources or by

nitrification, an oxygen-dependent microbial process that con-

verts NH4
+
to NO 3~. To distinguish between N 2 degassing due

to temperature changes and biological N2 production, we created

anoxic conditions in control cores to remove nitrification as an

NO 3

~
source. Submerged control sediments were degassed by

bubbling overlying water with 22.1% He in N2 gas and adding

sodium bisulfite (0.03 g/1). Anoxic conditions were introduced

8-12 h prior to the start of the incubations.

Nitrogen fluxes from Sage Lot Pond marsh cores increased

as temperature increased (Fig. IB). This positive correlation

found between rate of denitrification and temperature is con-

Figure 1 . Measurements ofN?fluxesfrom salt marsh cores. (A) Typical

flux measurement. N2 changes are measured versus limes under aerobic

and anaerobic conditions. (B) N;flux, in iimol N2 m~' h~'', versus tem-

perature. Lines represent regressions between aerobic and anaerobicfluxes

and temperature. The aerobic fluxes were significantly correlated with

temperature (p
=

0.05).
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sistent with previous findings 1, 3. 4). Fluxes in anaerobic con-

trols did not change with temperature (Fig. IB). Anaerobic fluxes

were significantly lower t! an aerobic fluxes (Fig. 1 ). To calculate

Ni flux assignable to tienitrification, the mean of the anaero-

bic flux rates was ' ibtracted from that of N 2 fluxes. After

subtraction of co .irols. denitrification ranged from -41 to

834 //mol N2 m :
h~'.

Our rates a:e higher than those previously recorded for salt

marsh sediments. Kaplan el ill ( 1 ) detected rates of 4-7 /nmol

N 2 irT
2
h~';'Aziz and Nedwell (4) measured rates between 4 and

5 umo\ N 2 irT
2
h~'. Using the acetylene block technique. Van

Raalte and Patriquin (5) found rates to be undetectable, while

Koch el al. (6) reported rates ranging from 3 to 59
j

N2 m~
2
hT' in untreated sediment and 75 to ll

N 2 m~~ h"
'

in sediment incubated with nitrate-rich river water.

Our direct measurements more closely match an
I5N estimate

of annual denitrification or nitrogen removal of 140-200 mmol

N 2 irr
2

y~'(7): however, the rates reported here are still relatively

high. The correlation between denitrification and temperature

indicates that significant nitrogen removal occurs only in sum-

mer. Extrapolating the average Sage Lot summer rates (280 ^mol

N 2 irT
2 h" 1

) to an annual removal yields 800 mmol N 2 m~
2

y~'.

The difference between our values and those reported in the

literature may be caused by differences in site or method, an

issue that needs further study.
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Analysis of Acid Volatile Sulfide and Metals to Predict the Toxicity of Boston Harbor Sediments

Cristina Zago (Instituto per lo Studio delta Dinamica delle Grandi Masse, ISDGM, Venice, Italy)

and Anne E. Gihlin

The bioavailability and toxicity of metals in sediments is re-

lated to the geochemical speciation and chemical activity of the

metals in the interstitial water of the sediment. Di Toro el al.

(1) conducted laboratory tests with marine and freshwater or-

ganisms to determine which factors controlled the toxicity of

metals in sediments. Test results showed that the mortality of

the animals was related to both the quantity of toxic heavy metals

(Cu + Zn + Cd + Ni + Hg + Pb) and the acid volatile sulfide

(AVS) released from acidified sediments. Metals extracted with

the AVS are termed the simultaneously extracted metals (SEM ).

If the SEM/AVS ratio was greater than I or 2. the sediments

were toxic: if the ratio was below 1 . the sediments were not toxic

regardless of the total metal concentration. Di Toro et al. ( 1 )

proposed that when the SEM/AVS ratio was less than 1, the

toxic metals were all precipitated as insoluble metal sulfides and

hence not biologically available.

We applied this technique to study the potential toxicity of

sediments in Boston Harbor, Massachusetts. Samples were col-

lected from two well-studied harbor sites (2, 3) that differ in their

geochemical characteristics, total metal content, and benthic

fauna. One station (T3) is located off Long Island in an area

that received sewage sludge prior to January 1 992. Large numbers

of benthic amphipods and other organisms have been routinely

observed at this site. The second site (T2) is on Governor Island

Flats and is often devoid of macrofauna, although amphipods

were observed there at the time of this study.

To achieve better mixing of the acid with the sediment, we

modified the extraction technique (1) by adding the acid to the

sediment and heating for 1 h.

umoles/g dry wet
20 40 60 I 20

Figure 1. Concenlralions (nmoles/g dry weight ofsediment) ofacid

volatile sulfide, Cu. Zn, and Pb in sediments from Boston Harbor. Sed-

iments were sectioned in 2-cm intervals lo a depth of 10 cm. (A) AVS

profiles al stations 7'2 and T3. (Bl Metal profiles at site T3. (C) Metal

profiles at site T2.
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At both sites, AVS concentrations were low in surface sedi-

ments and increased with depth (Fig. 1 A). Station T3 had higher

concentrations of AVS and metals than T2 (Fig. 1A, B, C).

To test the toxicity of the sediments, we calculated the SEM/
AVS ratio. We compared the sum of Cu. Pb, and Zn with the

AVS concentration. Cd was not included because it was below

our detection limits and therefore insignificant. Hg and Ni were

not analyzed, but they are present in such low concentrations

at these sites (4) that their omission should not affect our cal-

culations. The (Cu + Zn + Pb)/AVS ratio was lower than 1

except in the 0-2 cm section from site T2, which had a value

of 1.38.

These data would allow us to classify the sediments as non-

toxic. This is consistent with our observations that infaunal an-

imals were present. However, future studies should focus on site

T2, where we have observed a large inter-annual variability in

metal concentration, sediment texture, and animal abundance

(unpub. data).

C. Zago was sponsored by an MBL Associate's Fellowship

and by the Environmental Division of the Institute per lo Studio

della Dinamica delle Grandi Masse, National Research Council

of Italy, Venice. Support for A.E.G. came from NOAA Sea Grant

and from the Massachusetts Water Resources Authority.
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Time-Resolved Imaging of Ca2+
-Dependent Aequorin

Luminescence of Microdomains and QEDs
in Synaptic Preterminals
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Localized elevation ofintracellularfree calcium [Ca
2+

J,

concentration serves as the trigger for a wide variety of

physiological processes, e.g., neurotransmitter release at

most chemical synapses (1-3). The details ofthe mecha-

nisms that regulate these processes are still unresolved (3-

6), but they must involve precise temporal sequences of

molecular events initiated by a transient localized elevation

oj'Ca
2+

concentration (i.e., a Ca 2+ microdomain [3, 7-

15]). A microdomain is defined as an autonomous com-

partment ofminimal spatio-temporal volume within which

a signaled process can occur (8, 10, 12). A quantum emis-

sion domain (QED) is a quanta! signal element (3, 16,

17). The concept of a QED was first applied to Ca 2+
sig-

naling at the synaptic preterminal (3. 4) and for large-

diameter mitotic cells (16, 17).

The concept ofCa
2+ microdomains was tested by la-

beling preterminals ofsquid giant synapses with low-sen-

sitivity aequorin (a photoprotein that emits a photon upon

binding Ca~* [18, 19]). That work confirmed earlier mod-

eling efforts (10, 16) and showed that, upon depolarization,

the [Ca
2
*], profile reaches 200-300 ^M within the micro-

Received 20 September 1994; accepted 5 October 1994.

Portions of this work were presented in preliminary form at the General

Scientific Meetings at the Marine Biological Laboratory, Woods Hole.

MA. on 16 August 1994.

Abbreviations: CCD = charge coupled device; dMCP = dual micro-

channel plate image intensifier; N.A. = numerical aperture: NTSC
= National Television Standards Committee; QED = quantum emission

domain; RS-170 = NTSC Resolution Standard 170: video frame reso-

lution of 525 lines of horizontal resolution, 60 Hz video field sampling

rate, 2:1 interlace of video fields within a single video frame. 33 ms per

frame (16.66 ms per video field): used primarily for black and white

video devices.

domains, and Ihat these [Ca
2+

], profiles are composed of

groups of short-lived 0.5 fim diameter QEDs. In those

records, obtained with 2:1 interlacing devices operating at

the RS-170 standard, QEDs appeared as striped dots or

chevrons rather than as solid dots, indicating that a QED
lasted less than 16.6 ms (one video field), and thus estab-

lishing the need for higher sampling rates to better char-

acterize the QED. In the present set ofstudies, we sought

to extend our earlier work on calcium microdomains and

QEDs with the goal of better understanding the lifetime

of the QED and its relationship to the action potential.

This is thefirst description ofthe methodology necessary

to image the Ca 2+
QED, and the techniquesfor obtaining,

processing, and analyzing video information at highframe
rates.

Chevrons and dots in interpreting the duration ofQEDs

QED patterns in aequorin-labeled synaptic preterminals

were observed as discrete events following stimulation of

single action potentials. These observations were initially

performed at a video frame rate of 30 frames per second

(fps), using cameras conforming to the RS-170 standard.

Each video frame consisted of two interlaced video fields

(i.e., 2:1 interlace), each composed of the set of odd or

even scan lines. A new field was captured every 16.7 ms,

and each scan line lasted for 63.5 /^s. Therefore, an event

lasting 16.7 to 33 ms would be seen as a solid dot, while

one lasting less than 16.7 ms would be observed as a set

of horizontal stripes. Events of duration close to 16.7 ms

might also appear as dots, depending upon the timing of

the initiation of the event relative to the timing of the two

video fields. If the event began close to the end of the first

293
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Figure 1. (A) Individual quantum emission domains (QEDs) activated by single action potentials at a

preterminal appear as white chevrons when recorded at 30 frames per second (fps). A few of these QEDs
show some filling between the stripes, indicating that those events began close to either the start or end of

a single video field and overlapped to the preceding or following video field. The two QEDs seen in the

lower right of this panel occurred in separate odd and even fields. (B) Individual QEDs activated by single

presynaptic spikes appear as white chevrons recorded at 200 fps, indicating that the entire QED occurred

within the 2.5-ms sampling period of the video field. Note that in this case, unlike that in panel A. all of

the QEDs appear as chevrons, indicating that no observed QEDs overlapped two consecutive video fields.

(C) The first 0.25-ms video frame recording of a single evoked QED (red) superimposed onto its point of

origin in a synaptic preterminal (blue). The red characters surrounding the central image are typical of the

display from the Kodak high-speed video camera. (D) The time course of an evoked QED, and one for a

single QED emitted from aequorin expressed into calcium buffer, recorded at a video rate of 4000 fps. Spots

of light from single video frames are displayed as a row of spots at the same horizontal level as the terms

"Evoked" and "Aeq." The intensity profiles of each of the individual spots are seen directly above their

respective spots. The spots and intensity profiles were printed in pseudocolor to aid in visualization; black

and purple are to low intensity, increasing through green, yellow, and orange to the highest values of red

and white (8-bit gray-scale value of 255). These values are correlated with the luminance intensity incident

to the faceplate of the dual microchannel plate (dMCP) intensifier. Small white points marking each individual

video field appear below their respective spots. The scale marker in panel C represents 10 ^m.

Standard methods were used to dissect stellate ganglia from small squid (Loligx pealej}
and monitor

synaptic transmission (3. 18). Video images were captured with a direct optical extension onto a dMCP
Video Intensified Microscopy camera system (Hamamatsu Argus 100; Hamamatsu Photonics, Inc.. Bridge-

water, NJ) operated in photon-counting mode. Three different video cameras were used to detect clouds of

electrons emanating from the dMCP. For video at 30 fps, a Hamamatsu saticon tube camera was used,

operated under the RS- 1 70 standard. Imagery from the saticon camera was recorded on an S-VHS videocassette

recorder. An NAC HSV-400 (NAC, Inc., Japan) high-speed color video camera, S-VHS videocassette recorder,

and Panasonic ST-1000 color video monitor (Matsushita Electric Industrial Co., Ltd., Fukuoka, Japan), all

operated in B/W mode, were used for 200-fps imaging and recording. The NAC HSV-400 camera was fitted

to the dMCP through a direct optical coupling. Care was taken to ensure that the output image of the dMCP
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video field or ended near to the start of the second video

field, the event would be recorded as a partially filled

chevron whose centroid coincided with the location of

the point of origin for the event. Events that were very

short compared with the video-field sampling rate would

nearly always appear as chevrons. This principle applies

to all 2: 1 interlaced imaging devices, irrespective of video

frame rate.

QED images at 30 videoframes per second

Ca2+
j-dependent aequorin luminescence was detected

as discrete QEDs at the preterminal side of the synapse

following presynaptic action potentials (Fig. 1A). Be-

cause QEDs were seen as chevrons, rather than solid

spots, they must have had a lifetime of less than 16.7 ms;

nearly all of the presynaptic QEDs observed after such

action potentials appeared as chevrons. In several in-

stances, chevron QEDs were seen to interlace. These

were fortuitous observations, and would be expected

for near-neighboring QEDs acting within microdo-

mains. In several other instances, some of the QED sig-

nal extended to the following (or from the preceding)

video field; that is, the blank space between the lines of

the chevrons contained some record of a signal. We
interpret these images to represent a short-lived event

that occurred near the end (or beginning, respectively)

of a given video field that contained the majority of the

chevron QED photon emission.

QED images at 200 video frames per second

Because virtually all of the QEDs observed at 30 fps

appeared on the video monitor as chevrons, better tem-

poral resolution was clearly needed. To resolve individual

QEDs in time, aequorin luminescence was videotaped at

200 fps (5-ms video frame, 2.5 ms per video field). Fig.

1 B shows examples of QEDs recorded at a frame rate of

200 fps from a single evoked response. As at 30 fps, they

appeared as chevrons, so their lifetime must be less than

2.5 ms. Moreover, fewer than 5% of the QEDs were seen

as partially filled chevrons, indicating both that the event

was less than the video frame rate and that no significant

degree of overlap occurred in which QEDs "began" in

one 1.25-ms video field and then extended into the next.

Luminance Intensity for Evoked. Spontaneous and Aequorin QEDs

I Evoked QED

2345
Time (250 microsecond video frames)

%^ Spontaneous QED El Aequorin QED

Figure 2. Luminance intensity for evoked, spontaneous, and ae-

quorin QEDs corrected for phosphorescent afterglow. Values are means

of the total luminance intensity for each of five QEDs for each category,

and are expressed as relative to the brightness of the initial frame of an

evoked QED. Evoked QEDs (solid black) lasted as long as five 0.25-ms

video frames; mean spontaneous QEDs (thin double stnpes) lasted only

0.5 ms; and aequorin QEDs (single diagonal crosshatches) were seen for

only one 0.25-ms video frame.

To ensure that the imagery information was properly processed, the

following assumptions and practices were adopted. The photon intensity

information of the initial video frame recording a QED was considered

to represent light from the photochemical reaction ofCa2+ and aequorin.

The contribution of afterglow in the first video frame of each QED record

was considered to be negligible for imagery at 4000 fps. Image information

for each subsequent frame was considered to consist of a sum of the

Ca2+
-dependent aequorin-based photon emission generated and inte-

grated onto the detector faceplate during that video frame, and the af-

terglow attributable to the preceding video frame. The contribution of

afterglow was determined with empirical values derived from the images

for aequorin injected into Ca2+
-containing buffer as follows. The lumi-

nance intensity values for QED photon emissions from each 0.25-ms

video frame were determined from digitized video records. Photon emis-

sion from the reaction of Ca2+ and aequonn was assumed to last 0.25 ms,

or possibly less; so additional light detected by the CCD camera was

considered to be due to afterglow of the dMCP. The ratio of the total

intensity of the second frame divided by the preceding frame was taken

as the proportion of the total luminance intensity of the first frame as-

signable as afterglow in the second frame.

These results indicate that a further increase in video

sampling rate would be needed to resolve the images of

individual QEDs.

was focused to the faceplate of the camera. Higher speed digital video imagery was obtained with a Kodak

Ektapro high-speed video system (Hi-Spec Processor and SI camera) operated at various frame rates between

30 fps and 4000 fps. High frame rate recordings were performed with reduced frame size; e.g.. the center 64

X 256 pixel region of the field of view at 4000 fps. The Kodak SI camera and video processor combination

was selected as the detector of choice behind the Hamamatsu dMCP, for its flexibility in video frame rates,

the linear performance characteristics of the charge coupled device (CCD) used in this camera, and an added

advantage that every image recorded by the CCD was a single, non-interlaced frame. Video imagery was

recorded in S-VHS format on 3M ST 120 Master Broadcast Videocassettes (3M Corp., Minneapolis, MN).

Hard-copy video prints were produced with a Kodak SV 6510 color video printer (Eastman Kodak, Inc.,

Rochester. NY).
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Figure 3. A recording ol the time course of the calcium-dependent photon emission by aequorin. Columns
I through 4 show images from single sequential 0.25-ms video frames from the 4000-fps video record.

Column shows an image obtained before the injection of aequorin. Row "d" shows the microinjection

pipette using differentia] interference contrast (DIC) optics. Row "p" shows the linear intensity profile for

each individual video frame corresponding to the DIC images in row "d" (above) and row "q" (below).
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QED images at 4000 videoframes per second

At 4000 fps, individual QEDs from within a stimulated

preterminal were observed and recorded as sets of solid

spots whose luminance intensity increased from back-

ground to maximum in the first frame and decreased in

intensity with subsequent frames (Fig. 1C and D). Each

QED record was preceded by a dark region (no light). The

first frame of each QED showed a dramatic increase in

luminance intensity, which resembled a symmetric dome

of light distributed over an area less than 0.5 /urn in di-

ameter. Subsequent 0.25-ms video frames showed sym-

metrical domes with the same center as the first dome,

but with less overall intensity. Each subsequent corrected

frame decreased in intensity by a factor that seemed to

follow an exponential decay curve (Fig. 2 and Table I).

Time-resolved imaging ofaequorin luminescence

in vitro

Any analysis of the QED images would require that we

determine the time course for the aequorin reaction itself

under the experimental conditions used. Published values

for the lag time between the addition ofCa2+
to a solution

of aequorin in a test tube and the emission of photons

range between 2 and 10 ms (20, 21). That range is clearly

too imprecise, so we sought a direct measurement using

4000-fps video, the imaging system being used for the

experiments.

When aequorin was injected into Ca2+
-containing

buffer, time-resolved Ca2+
-dependent aequorin lumines-

cence could be detected with the dMCP-SI camera system

operated at 4000 fps (Figs 1 D and 3). Prior to the injection,

the region around the tip of the micropipette appeared

black; 0.75 ms after injection, bright spots of light ap-

peared. Following the initial and rapid rise in lumines-

cence, the signal diminished in intensity to background

over a period of four or five 0.25-ms video frames. In six

trials, 0.75 ms elapsed between the initial mixing of ae-

quorin and Ca2+
buffer and the onset of photon emission.

Thus, the intensity of Ca2+
-dependent aequorin lumines-

cence was adequate to elicit a readily discernible signal

from the dMCP-SI camera.

Shot noise

Shot noise was observed in recordings performed at all

frame rates used in this study. In observations performed

at 30 fps to 200 fps, shot noise appeared as a chevron. At

4000 fps, shot noise appeared as a bright spot lasting for

one video frame (Fig. ID). The intensity of these spots

was typically less than 5% of the initial frame for a

real QED.

Corrections of4000 fps images for afterglow offaceplate

phosphors

We applied arithmetic corrections to the raw QED im-

ages to compensate for the phosphorescent afterglow (22,

Row "q" shows the spots of light recorded as QEDs. Panel Id corresponds to the same time period as shown

in panels 1 p and 1 q; similarly 2d, 3d. and 4d correspond to 2p and 2q, 3p and 3q, and 4p and 4q, respectively.

Panel Od shows a 16-frame average of the oil- and aequonn-filled micropipette prior to injection of aequorin

into the calcium buffer. Panels Op and Oq show the corresponding intensity profile and QED record; i.e.. an

absence of aequorin-mediated photon emission. The tip of the micropipette is noted with a horizontal, left-

pointing arrowhead in this panel and panel 4d. Column 1 shows the first video frame following injection of

aequorin into the calcium buffer. The micropipette in Id is seen to be empty of the oil used to protect the

aequorin from the calcium buffer prior to the injection. The oil droplet formed at the tip of the micropipette

is seen as a sphere at the micropipette tip. Subsequent columns show the time course of the aequorin reaction,

to the emission of the first QED (column 4).

Separately, panels A through F show an image integration of the first millisecond of QED emissions

detected after injection of aequorin into calcium buffer for each of six separate experiments. The QED seen

in panel C corresponds to the QED seen in panel 4d. Panel G shows an image integration of all of the QEDs
detected in panels A through F. Note the high degree of spatial clustering of these initial QEDs recorded

during one millisecond about the tip of the pipette.

To determine the lag time between the mixing of aequorin and Ca2+
, aequorin solutions were injected

into Ca2+ buffers as previously described (3), and the reaction sequence was observed at 4000 fps. The

method of injection of aequorin into the Ca 2 *
buffer was essentially identical to quantitative microinjections

routinely performed (3, 19). For these experiments a multi-spectral video microscope was used (e.g .. 16. 17;

developed by R. B. S.). The time of mixing was considered to have begun when the trailing meniscus of the

first oil droplet was expressed from the tip of the pipette. Timing of the injection was coordinated with clock

time of the video system. To assist in QED feature extraction and quantification, video images were processed,

filtered, and analyzed with an Imagel-AT (Universal Imaging Corp., West Chester, PA) running on a Dell

325 AT-bus computer, with macro programs written by one of us (R. B. S.). Ca2+
,-dependent aequonn

luminescence images of QEDs, seen as discrete spots on a dark background, were digitized and analyzed for

each sequential video frame. The phosphorescent afterglow of the cameras and dMCP combinations con-

tributes to the QED imagery (22, 23). The afterglow is due to the prolonged emission of energy from

phosphors at the detector faceplate and is common to all phosphor-based image detectors. The afterglow

and the contribution of shot noise to the imagery data are considered in the text and in Figure 2.
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Table I

Mean luminance values and decay function attributes for individual evoked and spontaneous QEDs from synaptic preterminals and for aequorin

QEDs produced in vitro
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X 10 \ This number is very small, but it represents a

realistic estimate of the state of the art of optical com-

ponents available for imaging single photon and photon-

limited events.

When extending observations to high-speed video, the

operational relationship between available light, detector

sensitivity, and frame rate of the camera must be consid-

ered. Within the spectral sensitivity band of the detector,

observed image intensity is dependent upon the number
of photons interacting with the detector in a sampling

period. This is a consideration long known to those using

high-speed photographic emulsions at low light levels

for example, in photomicrography of fluorescent speci-

mens. In practice, the faster the frame rate, the less light

available per image frame: as the frame rate doubles, the

light available for an image is halved. At 200 fps the light

available per frame is roughly 7~' of that available at

30 fps: at 4000 fps the light available per video frame is

132~' of that available at 30 fps. At 4000 fps we are, at

best, able to detect only 1.7 X 10~
5

photons emitted from

the specimen in a single 0.25-ms video frame.

This paper reports time-resolved images of Ca2+
entry

to the synaptic preterminal for evoked and spontaneous

events within microdomains. From the measurements of

the reaction lag time and duration ofthe aequorin reaction

in vitro, it also appears that high-speed video is an effective

tool for the study of molecular reactions in solution. The

implications of these observations for synaptic physiology

are discussed in the accompanying paper ( 18).
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Transmitter release is considered to be a secretory event

triggered by localized calcium influx which, by binding to

a low-affinity Ca
2+

site at the presynaptic active zone, ini-

tiates vesicular exocytosis (1-7). In previous experiments

with aequorin-loaded presynaptic terminals we visualized,

upon tetanic presynaptic stimulation, small points oflight

produced by calcium concentration microdomains ofabout

300 nM (5). These microdomains had a diameter ofabout

0.5 urn (5) and covered 5-10% of the total presynaptic

membrane with an average density of 8.4 ^nr per

100 ftm~, corresponding closely to the size and distribution

ofthe active zones in that junction (6, 7).

To understand in more detail the nature of these con-

centration microdomains. we obtained rapid video images

(4000/s) after injecting the photoprotein n-aequorin-J into

the presynaptic terminals of squid giant synapses. Using
that experimental approach, we determined that micro-

domains evoked by presynaptic spike activation had a du-

ration of about SOO us. Spontaneous quantum emission

domains (QEDs) obsen'ed at about the same locations as

the microdomains were smaller in amplitude, shorter in

duration, and less frequent.

These result \ illustrate the time course of the calcium

concentration profiles responsible for transmitter release.

Their extremely short duration compares closely with that

ofcalcium currentflow during a presynaptic action poten-

tial and indicates that, as theorized in the past (6-8), in-

tracellular calcium concentration at the active zone re-

mains high only for the duration of trunsmembrane cal-

cium flow.

Received 20 September 1994; accepted 5 October 1994.

The spontaneous quantum emission domains (QEDs)
observed prior to stimulation were imaged over an area

corresponding to s=;20% of the total active zone of the

preterminal studied. They occurred at a very low rate (10-

15/s) and were generally located at the same sites as the

evoked microdomains (Fig. IB).

Calcium entry following tetanic stimulation of the

presynaptic axon (500 ms or 1 s at 100 Hz) was char-

acterized by the appearance of calcium microdomain

sites that appeared to blink on and offduring the tetanic

stimulation (Fig. 1 ). The localization of the evoked mi-

crodomains in the presynaptic terminal is shown in Fig.

1A, and as previously reported (5), double-labeling of

the presynaptic and postsynaptic fibers with fluorescent

dyes demonstrated that QEDs are localized at the active

zones (9).

These results suggest that the spontaneous and evoked

light emissions probably correspond to spontaneous ( 10,

1 1) and voltage-evoked calcium channel openings, re-

spectively. The low frequency of such light points in-

dicates, however, that only a very small percentage of

the total number of calcium entry events are being ob-

served. Indeed, for spontaneous release given calculated

levels of = 35,000 quanta/s for the total active zone

(10, 11). the area observed (20%) should generate

= 7000 QEDs/s rather than the 10-15 observed if we

assume that one activated zone releases one QED. This

number is based on the assumptions that (1) every

spontaneous event is triggered by calcium entry at the

active zone (which will overestimate the QEDs because

some spontaneous transmitter release is calcium inde-

pendent), and (2) each calcium entry event activates

300
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Figure 1. Fluorescence image and light emission from a squid synaptic preterminal injected with

N-aequorin-J.

A hybrid synthetic aequonn. N-aequorin-J. with a sensitivity to [Ca
2+

] on the order of 10~
4 M, developed

by Shimomura. Musicki, and Kishi (19) was used as an [Ca
2+

], indicator. This photoprotem was chosen

because its low binding constant requires relatively large calcium concentrations to activate photon emission

(* 300-400jiM [10]). which is triggered with a short delay (
= 750 s [12]). In addition, it has the advantage

of not substantially modifying the buffering properties of the intracellular milieu.

Presynaptic injection of this aequorin (5) in the squid (Loligo pealii) giant synapse (20). allowed the

selective detection of high-calcium-concentration microdomams (5). The distribution of the injected aequorin

inside the presynaptic terminal was determined by visualizing a fluorophore (rhodamine-labeled Dextran)

that was injected with the photoprotein ( 5 ). The diffusion profile was visualized using a fluorescence microscope

with a 40X water-immersion objective lens (N.A. 0.75). Aequorin luminescence was measured with a dMCP
intensified camera operated in the photon-counting mode (12). The images were stored on conventional

videotape (30 video frames/s). a fast-tape system (NAC HSV-400) with a 5-ms time resolution, or a digital

system (Kodak HSC) with a 250-^s resolution (12). The synapses were dissected under flowing seawater,

and during the experiments the preparation was bathed in artificial seawater containing 10 mM Ca2+
.

(A) Fluorescence image showing the preterminal on the larger ofthe post axons ( not visible). ( B) Spontaneous

light emission recorded over 500 ms. (C) Same as in B. showing the light intensity (relative scale [12]) in

pseudocolor. (D and E) Same as in B and C but taken over a 500-ms period of tetanic stimulation at 100 Hz.

aequorin (which also overestimates because such re-

actions being dependent on concentration and time

are far from fully efficient).

The QED frequency for evoked release occurred at a

rate of 250-500/s, with superimposed QEDs occurring at

a rate of 3 to 5/s. QED frequency for evoked release was

20 to 30 times greater than the QED frequency for spon-

taneous activity (Fig. ID and E). The QED frequency for

the relative increase in evoked release was at about the

level expected assuming a quanta! content of 5 to 10

X 10
3

per action potential (3. 11). With 1 s of tetanic

stimulation of 100 Hz, the quantal release would be near

0.5 to 1 X 10
6

.

The experimental results indicate detection levels three

orders of magnitude smaller than expected from such cal-

culations. Two possible explanations for this very low yield

are ( 1 ) that QEDs are generated only when calcium chan-

nel openings occur in particular spatial distribution (e.g.,

clustering), i.e., the so-called neighbor effect (8); (2) that

our detection system sees only a small percentage of the

photons emitted (12). Preliminary measurements suggest

that only 0.22% of the light emitted is captured by the

present system (12), which supports the view that the low

observed QED yield is due to technical limitations in de-

tection (12).

To compare the time course for evoked QEDs with

that of the presynaptic calcium current triggered by a

simulated action potential, these events were super-

imposed on the same time base (Fig. 2). The time course

for ICa superimposes adequately on the time course of

a microdomain evoked during the activation of similar

presynaptic spikes (Fig. 2B). Note, however, that the

light emission seems to outlast that of the transmem-

brane current. This is to be expected because high-level

light emission does leave an afterglow in the photosen-

sors (12). Indeed, as shown in Figure 2 panel C, the

time course for the microdomain corrected for this dis-

tortion (12) matches quite closely the time course of

the macroscopic ICa -

The results presented here demonstrate for the first

time the true time course for the calcium microdomain

at a chemical presynaptic terminal. These 'mdings are

in agreement with the time course for spik .--evoked cal-

cium currents ( 1 3) as well as with model results (8) for
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Figure 2. Time course for evoked calcium concentration microdomains. (A) Illustration of the time

course for a presynaptic action potential (Pre) that simulates the voltage profile of a presynaptic spike

recorded from the same fiber, before block of sodium and potassium channels (from 7); the calcium current

(Id) generated by the transient depolarization; and the postsynaptic response (Post) triggered by ICa . The

presynaptic current (ICa arrow), basically a tail current with an overall duration of ^SOO^s. and the

postsynaptic potential obtained in previous experiments (7) are shown. (B and C) Supenmposition of the

time course for the calcium microdomain (amplitude on a relative scale) and the time course for the presynaptic

calcium current. (B) Amplitude of raw light measurements taken every 250 ^s. (C) Amplitudes after correction

for afterglow. The area of the color circles under each time point relates to the amplitude of the light emission

during that time bin.

the distribution and time course for transient calcium-

concentration profiles, given by the equation for the

analytical solution for three-dimensional calcium dif-

fusion:

C(r.t)
=

2.0 X 10
3
xJ

erfc
4.0 X TT X FAR X Dca X r \2.0 VDca X t

where C (r, t) is the calcium concentration at time, t,

and distance, r, from the channel; Dca is the diffusion

coefficient for calcium: FAR is the Faraday constant; J

is the flux per channel; and erfc is the complementary
error function. This equation was used to calculate the

calcium-concentration profile, which reaches a steady-

state level of ==300 ^A/at 500 A from the channel pore
in 1 us and, following channel closure, decays to a level

of 10 \iM in a similar period for the same distance (8).

Given the sensitivity level of -aequorin-J, our results

are, indeed, consistent with the model.

The time course reported here is different from that

observed in other secretory systems such as the chro-

marfin cell (14), where the transient develops over 10

to 100 ms and where the calcium buffering properties

may be quite different. However, our results are similar

to the calcium concentration profile in individual frog-

muscle sarcomeres following the activation of action

potentials ( 14).

The overall duration of the microdomain is in agreement

with the increased probability of release produced by a pre-

synaptic spike. The calcium current produced by a presyn-

aptic action potential has a peak at 0.3 ms and an overall
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duration of ==0.8 ms (13), very much in agreement with

measurements observed with the present technique.

The observations described in this paper constitute a

direct demonstration of the time course for the calcium

concentration microprofiles at a presynaptic terminal.

This time course matches closely that of the release process

(13) and the average opening time for P-type calcium

channels (15) which may be responsible for the presyn-

aptic calcium current in this terminal (16). The results

further indicate that the temporal coherence for trans-

mitter release is indeed produced by a well-matched re-

lationship between the kinetic properties for the opening
of calcium channels and the duration of the presynaptic

action potential (13).

These results confirm our previous conclusion that

synaptic neurotransmitter release is triggered by high-

calcium-concentration microprofiles at the active zone

that induce a rapid triggering of vesicle fusion lasting for

the duration of the calcium profile (3. 1 7). Since the time

course of the evoked microdomain is about three times

as long and about fivefold larger than that produced by

spontaneous QEDs, the evoked release may be triggered

by the opening ofmany more calcium channels per active

zone than the spontaneous events.

The number of calcium ions that are detected in an

evoked microdomain may be estimated as follows. Con-

sider that a presynaptic action potential generates an ICa

of about 300 nA (10, 13), a current of 0.5 pA/channel,

and that a single channel allows the flow of about 150 to

200 calcium ions (7, 18), then =6 X 10
5 channels are

opened to release 5000 to 10,000 vesicles (4, 11) or

= 1 5,000 calcium ions/vesicle ( 1 3). [This is in contrast to

the estimated minimum of 200 ions/vesicle (one calcium

channel) for the ciliary ganglion (18)]. Given that the

number of active zones in a presynaptic terminal is about

5000 to 10,000 (6), the number of channels open per ac-

tion potential for each active zone is = 1 00. If single chan-

nels allow the flow of 150 to 200 calcium ions (7, 18), an

evoked microdomain, using -aequorin-J and the present

imaging technique, may represent an influx of calcium

of about 15,000 ions.

Acknowledgments

We thank Drs. O. Shimomura, S. Inouye, B. Musicki,

and Y. K.ishi for the generous gift of the custom aequorin

preparations used in this study. We are also grateful to Mr.

P. W. DelGrego ( Motion System Analysis Division, Eastman

Kodak Co.) for assistance with the digital high-speed video

observations. Work supported by the N.I.H. (NS 13742 to

R.L.). the U.S. Air Force (F49620-92-J-0363 to R.L.) and

the N.S.F. (DCB-9005343 and DCB-9308024 to R.B.S.).

Literature Cited

1 Augustine, G. J., E. M. Adler, and M. P. Charlton. 1991. The

calcium signal lor transmitter secretion from presynaptic nerve ter-

minals. Annul* NY Acad Sci. 635: 365-381.

2. Katz, B. and R. Miledi. 1967. A study of synaptic transmission in

the absence of nerve impulses. / Physiol. (I.ond ) 192: 407-436.

3. I.linas, R. 1977. Calcium and transmitter release in squid synapse.

Pp. 139-160 in Society lor Neuroscience Symposia. Vol. 2, W. W.
Cowan and J. A. Ferendelli, eds. Society for Neuroscience. Bethesda.

MD.
4. Llinas, R., I. Z. Steinberg, and K. Walton. 1981. Relationship be-

tween presynaptic calcium current and postsynaptic potential in

squid giant synapse. Biophys J 33: 323-352.

5. Llinas, R., M. Sugimori, and R. B. Silver. 1992. Microdomains

of high calcium concentration in a presynaptic terminal. Science

256: 677-679.

6. Pumplin, E. F., and T. S. Reese. 1978. Membrane ultrastructure

ofthe giant synapse of the squid Loligo pealei. Neuroscience 3: 685-

696.

7. Pumplin, E. F., T. S. Reese, and R. Llinas. 1981. Are the presyn-

aptic membrane particles the calcium channels? Proc. Natl. Acad.

Sci- i'SA 78: 7210-7213.

8. Simon, S. M. and R. Llinas. 1985. Compartmentalization of the

submembrane calcium activity during calcium influx and its signif-

icance in transmitter release. Biophys. J 48: 485-498.

9. Llinas, R., M. Sugimori, and R. B. Silver. 1994. Localization of

calcium concentration microdomains at the active zone in the squid

giant synapse. Pp. 133-136 in Molecular and Cellular Mechanisms

ofNeurotransmitter Release. L. Stjarne et a/., eds. Raven Press Ltd.,

New York.

10. Lin, J.-W., M. Sugimori, R. Llinas, T. McGuinness, and P. Green-

gard. 1990. Effects of synapsin I and calcium/calmodulin-depen-

dent protein kinase II on spontaneous neurotransmitter release in

the squid giant synapse. Proc Natt Acad Sci USA 87: 8257-8261.

1 1. Miledi, R. 1967. Spontaneous synaptic potentials and quantal re-

lease of transmitter in the stellate ganglion of the squid. /. Physiol.

(Land.) 192: 379-406.

12. Silver, R. B., M. Sugimori, E. J. Lang, and R. Llinas. 1994. Time-

resolved imaging of Ca:+
-dependent aequorin luminescence of mi-

crodomains and QEDs. Biol. Bull 187: 293-299.

13. Llinas, R., M. Sugimori, and S. M. Simon. 1982. Transmission

by presynaptic spike-like depolarization in the squid giant synapse.

Proc. Nail. Acad. Sci L'SA 79: 2415-2419.

14. Monck, J. R., I. M. Robinson, A. L. Escobar, J. L. Vergara, and

J. M. Fernandez. 1994. Pulsed laser imaging of rapid Ca
2+

gradients

in excitable cells. Biophys J 67: 505-514.

15. Usowicz, M. M., M. Sugimori, B.Cherksey, and R. Llinas. 1992. P-

type calcium channels in the somata and dendntes of adult cerebellar

Purkmje cells. Neuron 9: 1 185-1 199.

16. Llinas, R., M. Sugimori, J. W. Lin, and B. Cherksey.

1989. Blocking and isolation of calcium channel from neurons in

mammals and cephalopods utilizing a toxin fraction (FTX) from

funnel-web spider poison. Proc. Natl. Acad Sci. L'SA 86: 1689-

1693.

17. Llinas, R., I. Z. Steinberg, and K. Walton. 1981. Presynaptic cal-

cium currents in squid giant synapse. Biophys J 33: 289-322.

18. Stanley, E. F. 1993. Single calcium channels and acetylcholine

release at a presynaptic nerve terminal. Neuron 11: 1007-101 1.

19. Shimomura, O., B. Musicki, and V. Kishi. 1989. Semi-synthetic

aequorins with improved sensitivity to Ca2 *
ions. Biochem. J. 261:

913-920.

20. Young, J. Z. 1939. Fused neurons and synaptic contacts in the

giant nerve fibers of cephalopods. Phil. Trans. R Soc Ser. B 229:

465-505.



Reference: Bwl. Bull 187: 304-308. (December, 1994)

Temperature and the Larval Ecology of the Crown-of-

Thorns Starfish, Acanthaster planci

LELAND G. JOHNSON 1 AND RUSSELL C. BABCOCK 2 *

^Department ofBiology, Augustana College, Sioux Falls, South Dakota 57197, and Australian

Institute ofMarine Science. Townsville, Queensland 4810. Australia

The recently reported dramatic population increases

(outbreaks) of the coral-eating crown-of-thorns starfish.

Acanthaster planci, which have damaged many reefs in

the Indo-Paciftc. are ending (1), but questions remain about

the factors that affect Acanthaster distribution and den-

sities. For example, the narrow temperature tolerance (26

or 27 to 30 or 3IC) reported for Acanthaster's larval

development (2) is problematic because Acanthaster occurs

where temperatures do not rise into this range (3, 4). HV
havefurther examined some temperature relationships in

Acanthaster's early development. Cleavage proceeded

normally over a range ofabout 10 C, but specific limiting

temperatures depended upon the geographic source ofthe

parents or their recent history of temperature exposure.

Hatched, swimming gastrulae continued normal devel-

opment to bipinnaria throughout a temperature range of
13C. These results indicate that the narrow developmental

temperature tolerances reported earlierfor Acanthaster do

not apply to all early developmental stages, and they add
to the list oflarval adaptations that can facilitate dispersal

ofAcanthaster larvae and propagation of outbreaks.

Acanthaster planci is one of several Indo-Pacific aster-

oids that prey on coral polyps (5). Unlike other tropical

starfish, however, Acanthaster undergoes occasional pop-

ulation outbreaks that have severely reduced coral cover

on many reefs over the last 30 years. The causes of these

outbreaks remain obscure despite much recent research

(6-8). The outbreaks may be natural phenomena with a

long history of occurrence (9), or they may be relatively

recent in origin, brought about as a result of human ac-

tivities (10). A combination of both explanations is also

possible (11).

Received 3 January 1994; accepted 3 October 1994.

* Present Address: University of Auckland, Leigh Marine Laboratory,

P. O. Box 349, Warkworth, New Zealand.

Two series of outbreaks ofAcanthaster planci have been

recorded on Australia's Great Barrier Reef (GBR) since

the early 1960s, affecting reefs over approximately the

central third of that system (12). Kenchington (13) hy-

pothesized that outbreaks (termed primary) began some-

where to the north of Green Island (Fig. 1), and in turn

initiated a cascade of additional outbreaks (termed sec-

ondary) that spread southward as a result of the advection

of larvae by southward-flowing currents during the

spawning season. Recent data from broadscale population

surveys ( 1 ), genetic studies (14), and hydrodynamic mod-

els (15, 16) support Kenchington's hypothesis, though

questions have been raised regarding some hydrodynamic
models (17).

Population outbreaks of Acanthaster on the GBR have

occurred over some 1000 km of reef (6 degrees of latitude).

The main wave of outbreaks declined at around 20 S

(18), which lies to the south of Davies Reef (Fig. 1); only

a few smaller outbreaks are now being recorded at the far

southern end of the system in the Swain complex (1).

Lucas (2) has hypothesized that southern limits of Acan-

thaster's distribution may be dictated by larval tempera-

ture requirements. However, Acanthaster occurs in cooler

waters near the limits of hard coral distribution (3, 4, 7).

Temporally variable aggregations of Acanthaster al some

Japanese sites appear to be derived entirely from settle-

ment of larvae carried by currents from warmer water

areas (19), but at other cooler water sites there are relatively

stable Acanthaster populations. For example, there is ev-

idence of increasing Acanthaster numbers at Lord Howe
Island (Fig. 1 ) (20). although the mean surface water tem-

perature there during January, the warmest month of the

year, is about 24C, which is below the reported range

of developmental temperature tolerance. Population

maintenance there conceivably could depend solely upon
recruitment of larvae carried by currents from the GBR,

304
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but the Lord Howe Island population is genetically di-

vergent from GBR populations (21), and gene flow into

it from the GBR appears to be very limited, indicating a

relatively isolated, locally reproducing population. Such

evidence of successful reproduction under diverse envi-

ronmental temperature regimes and genetic evidence for

long-distance larval transport (14) suggest complexity in

Acanthaster's developmental temperature relationships.

We have investigated both the developmental temperature

tolerances of offspring of geographically widely separated

groups of Acanthaster and the effects of experimentally

altering temperature exposures of adult, embryonic, and

larval starfish.

Offspring of animals collected off the Gove Peninsula

near Nhulunbuy and at Davies Reef in the GBR (Fig. 1)

completed development to bipinnaria larvae equally well

at 31, 27, and 24C. At 22.3 and 21C, Davies Reef

embryos produced normal bipinnariae (Table I). At the

same temperatures, some Gove embryos hatched, but they

ceased development as abnormal early gastrulae.

Such geographic differences in developmental temper-

ature tolerance may be due to genetic differentiation of

separated populations, physiological acclimatization ef-

fects reflecting recent parental temperature exposure, or

a combination of the two (22-24). We conducted a lab-

oratory acclimation experiment to investigate a possible

parental acclimatization effect in Acanthaster. A group of

adults from Davies Reef was separated into two samples.

One sample was held for 1 8 days at 3 1 C and the other

at 25 C for 2 1 days. We observed differences between the

offspring of 25-acclimated animals and 3 1 "-acclimated

animals in tolerance to lower temperatures (Table I) and

in early cleavage rates (Fig. 2), which in other echinoderms

are proportional to overall developmental rates at least

to the gastrula stage (25). The tolerance difference indi-

cates an acclimatory translation of tolerance range, but

more data at several temperatures would be needed to

determine if the observed rate difference resulted from

rotation of the rate: temperature curve.

We also examined possible parental effects due to sea-

sonal change in water temperature in animals studied im-

mediately after collection at Davies Reef in October (tem-

perature at collection site: 25.5C) and in November

(temperature: 27C). Offspring of the two groups differed

in their tolerance to high temperature. In October-col-

lected animals, development to early bipinnaria larvae

proceeded normally between 21 and 27C, but not at

32C. However, offspring of November-collected animals

developed into normal bipinnaria at 32. This seasonal

change resembles those reported for other echinoderms

(26, 27).

Thus early developmental temperature tolerances in

Acanthaster vary with recent parental temperature ex-

posure as well as geographic source. However, our results

do not distinguish the relative contributions made by

Table I

Development ot embryos from each ofjour groups at low experimental

temperatures

Zygote to Bipinn.
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Table II

Results ofgastrula transfer experiments with Gave embryos

o

Figure 2. Cleavage rate comparisons at 27C. For each group, four

replicate cultures in 20-ml scintillation vials (mean no. of embryos per

vial = 99) were fixed after 146 min. Embryos in each culture were counted

and scored for cleavages completed. Bars represent means of individual

culture means, with standard errors. Because ANOVA indicated a sig-

nificant treatment effect, the Tukey test was applied. The mean for the

31- acclimated group differs significantly from the other means (

= 0.05). which do not differ from one another.

population genetic differentiation and physiological ac-

climatization to the observed geographic variations.

Because of its importance for dispersal, the temperature

tolerance of newly hatched swimming embryos was ex-

amined. Early gastrulae from cultures of Gove embryos

were transferred to 2 1 and 18C (temperatures at which

Gove embryos cannot cleave normally). Transferred em-

bryos continued to swim, completed gastrulation, and

produced bipinnariae at both temperatures (Table II). This

unexpectedly broad temperature tolerance in gastrula-

stage embryos prompted additional transfer experiments.

Newly hatched Davies Reef gastrulae transferred from 27

to 18.5C developed into bipinnariae that appeared nor-

mal (Fig. 3). Even gastrulae transferred from 27 to 15C
and held there for 6 days continued to swim actively,

slowly continued archenteron extension, and then quickly

completed bipinnaria morphogenesis after transfer back

to 27 C. However, these larvae contained clumps ofextra

mesenchyme-like cells.

In summary, data presented here support a modified

concept of temperature tolerance during early Acanthaster

Transfer group Days

Percent Bipinn.

development

31 to 31 (Control)

31 to 21

31 to 18

2

5

17

93

88

81

Only swimming, newly hatched, early gastrulae were transferred. The

numbers of days from transfer to final observation are given. Comparable

results were obtained following transfers of embryos that developed from

fertilization to hatching at 27C.

development (Fig. 4), indicating that Acanthaster's dis-

tribution and abundance need not be as limited by de-

velopmental temperature as previously thought. Clearly,

temperature relationships in later larval stages should be

100

Figure 3. Gastrula transfer experiments with Davies Reef animals

during December 1992. Early development proceeded at 27C, and

transfers were as described in Table II. Bars represent mean percentages,

with standard errors, of bipinnaria development for 12 cultures (40 to

100 embryos in each) from two experiments. "27-27" represents controls;

"27-18.5" represents transfer and continuing development at I8.5C;

and "27-15-27" represents gastrulae returned to 27C after 6 days at

15C. Bipinnariae in this latter group were normal in shape, but many

contained clumps of extra mesenchyme-like cells. Embryos that were

not returned from 15 to 27C showed some archenteron extension, but

eventually regressed and died.
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Figure 4. Conceptual models of crown-of-thorns starfish develop-
mental temperature tolerances. The upper model is one inferred from

data of Lucas (2) who transferred embryos at hatching and maintained

cultures until settling and metamorphosis. The lower model retains the

limited temperature tolerances (dotted lines) reported by Lucas for later

larva] stages, but incorporates the broader tolerances (dashed lines) of

earlier developmental stages indicated by our data. Our data also indicate

that actual limiting temperatures, but not necessarily size, of tolerance

ranges vary with recent parental temperature exposure as well as geo-

graphic source.

reexamined, especially for populations at the extremes of

Acanthaster's distribution. Further, the temperature tol-

erance ofAcanthaster gastrulae adds to a list of traits that

make Acanthaster larvae particularly well adapted for

long-distance dispersal. Even larvae swept into cooler wa-

ter could very slowly continue normal development dur-

ing transport. This, along with the ability to develop at

the low phytoplankton concentrations common in trop-

ical waters (28. 29) and the negatively geotropic swimming
behavior characteristic ofAcanthaster gastrula (3), would
allow transport to distant reef sites with conditions ap-

propriate for later larval development and settling pro-
cesses that may be less resistant to environmental variation

(2). Early larval hardiness may facilitate both the routine

dispersal of larvae and the propagation of Acanthaster

outbreaks.
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Reproductive Potential and Genetics of Triploid Pacific

Oysters, Cmssostrea gigas (Thunberg)
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Abstract. The reproductive potential and genetics of

triploidy were studied in the Pacific oyster. DNA content

in sperm from triploids showed a single peak at 1.5c as

determined by flow cytometry. In eggs from triploids, tri-

valents were the dominant form of synapsed chromo-
somes, although the degree of synapsis varied considerably
within and among females. Some eggs went through com-
plete synapsis and formed 10 trivalent chromosomes; most
had a mixture of 1 1-13 trivalents, bivalents, and univa-

lents. Factorial matings were produced from diploid (D)
and triploid (T) parent oysters, creating four crosses: DD,
DT, TD, and TT (female first).

Gametes from triploids were fully capable of fertil-

ization. After fertilization, eggs from triploids went

through two meioses and released two polar bodies as

diploid eggs did. Karyological analyses showed that av-

erage ploidy of the resultant embryos was 2.0 n for DD,
2.46 n for DT, 2.52 n for TD, and 2.88 n for TT. Sur-

vival of fertilized eggs to metamorphosis and. settlement

was about 2 1 % for DD, but considerably lower on other

crosses: 0.0007% for DT, 0.0463% for TD, and 0.0085%
for TT. Nine months after matings, all survivors from
DT crosses were diploid. Survivors from TD crosses

consisted of 33% diploids. 57% triploids, and 10% tet-

raploids. Survivors from the TT crosses consisted of

90%- triploids, 4% diploids, and 6% mosaics. We hy-

pothesize that differences in ploidy composition be-

tween DT and TD embryos and survivors were caused

by pro-egg segregations that favor the retention, rather

than loss, of extra chromosomes in the egg. The repro-
ductive potential of triploids and evolutionary impli-
cations are discussed.

Received 26 January 1994; accepted 22 September 1994.
1
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Introduction

Triploidy refers to the condition of a cell or organism

having three sets of chromosomes. Such a condition in

mammals is lethal. In many species of amphibians, fish,

molluscs, and other invertebrates, triploids are fully viable

and do not appear morphologically different from dip-

loids. In a few species, such as certain gynogenetic fishes,

triploidy is a natural mode of reproduction, but in most
animals species, triploidy occurs infrequently and is con-

sidered a numerical mutation of chromosomes. However,

triploidy can be easily induced in most lower animals by

inhibiting the release of polar body II (Fankhauser, 1945;

Thorgaard, 1983; Allen. 1986).

Triploids are commonly assumed to be sterile as a result

of the extra set ofchromosomes (Thorgaard, 1983). How-
ever, sterility in triploids is often incomplete and varies

considerably among organisms. In plants, fertile triploids

are common and are believed to have played a significant

role in the evolution of plants (deWet, 1980). In sala-

manders, induced triploids were not completely sterile,

and matings between triploids and diploids produced vi-

able offspring (Fankhauser and Humphrey, 1950, 1954).

In fish, induced triploids had severely reduced gonadal

development in both sexes, although a small number of

mature oocytes and sperm were observed (Lincoln, 198 la,

b; Ben fey and Sutterlin. 1984; Benfey, 1991; Gui et a/..

1991). No viable fish were obtained when triploid males
were crossed with diploid females (Lincoln, 198 la: Lin-

coln and Scott, 1984). In invertebrates, triploid Drosophila

produced viable offspring when mated with diploids

(Morgan. 1925). In molluscs, triploids have been produced
in a number of species, but so far most studies have been

limited to the induction, growth, and gonadal develop-
ment of triploids (Beaumont and Fairbrother, 1991). Al-

though triploid molluscs generally show retarded gonadal
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development, the formation of apparently normal gametes

was observed in both sexes of triploid Pacific oyster, Cras-

sostrea gigas (Allen and Downing, 1 990: Guo, 1 99 1 ) and

several other species. In the Pacific oyster. Allen (1987)

made crosses between triploid males and diploid females

and obtained viable offspring.

The reproductive potential and genetics of triploids is

relevant to our understanding of animal evolution, par-

ticularly the increased attention on the evolutionary sig-

nificance of polyploid animals (White, 1978: Schultz,

1980: Bogart, 1980). If triploidy occurs spontaneously in

most species, what are the genetic consequences of tri-

ploidy? Is triploidy simply a genetic burden on the pop-

ulation, or is it a mutation that has vital importance for

the evolutionary process? Our present knowledge about

the biology and reproductive genetics of polyploid animals

is limited, especially among marine invertebrates.

The reproductive potential and genetics of triploidy also

has important practical implications. In the Pacific oyster,

for example, triploids have been produced commercially

for aquaculture since 1986 (Allen et al.. 1989). What im-

pact may triploids have on the genetic structure of natural

populations when released? Triploids have also been pro-

posed as candidates for the testing of non-native species

(Allen. 1993). If triploids are not completely sterile, are

they likely to become established? This study was con-

ducted to examine the reproductive potential and genetics

of triploidy using the Pacific oyster as a model species.

Materials and Methods

To study the reproductive genetics of triploid Pacific

oyster, matings were conducted within/between diploids

(D) and triploids (T). producing four crosses: DD, DT,

TD, and TT, with the female listed first. Triploids used

in this study were two years old and had been induced by

inhibiting the release of the second polar body in fertilized

eggs (Allen et al.. 1989). Before making crosses, triploids

were individually confirmed by How cytometry. Gametes

were obtained by dissecting gonads. Eggs were passed

through an SS-^m screen to remove the large tissue debris

and then rinsed on a 25-^m screen. Sperm was passed

through a 15-^m screen to remove tissue debris. Fertil-

ization and incubation were conducted at 25C using

filtered (2 /um) seawater. Embryos were cultured ac-

cording to routine hatchery protocol (e.g., Breese and

Malouf. 1975).

Synapsis and meiotic segregation in eggs from triploids

was analyzed in TD crosses. In all crosses, the ploidy of

two-hour-old embryos was determined by chromosome

counts, and the ploidy of 24-hour-old embryos and later

survivors was determined by flow cytometry. Survival to

D-stage (Day 1 ), Day 7, and Spat (Day 30) was recorded

in each group. Each cross was repeated four to seven times

using different pairs of oysters as parents.

Synapsis, meiotic segregation, and chromosome con-

stitution were observed by aceto-orcein stain (Guo el al.,

1992). Briefly, eggs were fixed in acetic acid and methanol

( 1 :3). A drop of fixed sample was loaded on a slide, mixed

with 2-3 drops of orcein stain (0.5% orcein in 60% acetic

acid), and covered with a cover glass. After staining for

five minutes, the eggs were gently compressed by applying

pressure to the cover glass, which was then sealed. For

chromosome counts. 2-4 cell embryos were first treated

with 0.005%' colchicine for 1 5 min before they were fixed.

Flow cytometry was conducted on a Partec II flow cytom-

eter with a 4.6-diamidine-2-phenylindole (DAPI) stain

(Allen. 1983; Guo et al., 1993).

To make sure survivors were not contaminants, allo-

zyme inheritance was analyzed with starch gel electro-

phoresis (Aebersold et al.. 1987: Hebert and Beaton,

1989). Allozymes examined included aspartate amino-

transferase (AAT. EC 2.6.1.1.). dipeptidase (DAP. EC
3.4.-.-. Gly-leu as substrate), glucose-6-phosphate dehy-

drogenase (G6PDH. EC 1.1.1.49). glucose phosphate

isomerase (GPI, EC 5.3.1.9), isocitrate dehydrogenase

(IDH, EC 1.1.1.42). malate dehydrogenase (MDH, EC
1.1.1.37). mannose phosphate isomerase (MPI, EC

5.3.1.8), phosphoglucomutase (PGM. EC 2.7.5.1), super-

oxide dismutase (SOD. EC 1.15.1.1). tripeptidase (TAP,

EC 3.4.-.-. Leu-gly-gly as substrate).

Results

Gametes from triploids

Seventy-seven triploid oysters were examined during

this study, and gametes were observed in 60 (78%) ofthem.

Based on the type of gametes observed, the 60 oysters

consisted of 35 females (58%), 16 males (27%.), and 9 her-

maphrodites (15%). Nineteen of the triploid females that

produced a large number of eggs were used for crosses.

Twenty-two crosses were made: six DD. seven DT, five

TD, and four TT. Most of those crosses were not complete

2x2 factorials between diploids and triploids due to lim-

itations of triploid parents. When only triploid females

(or males) were found in a given day, they were used to

make TD (or DT) crosses with DD controls. Later in the

study, the lack ofTT crosses was apparent, and seven TT
crosses were made on the same day and combined into

one mass culture.

Among the 19 females used in crosses, the number of

eggs ranged from 19 thousand to 21.5 million, with a

mean of 2.3 million and a median of about 1 million

(Table I). The numbers of eggs in the other 16 triploid

females were deemed too few for making crosses and were

not determined, but they were probably fewer than 19.000.

Assuming that the 16 females not counted averaged about

15,000 eggs, the estimated fecundity of triploid females

would be around 1 .2 million eggs per female. Eggs in two
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Table I

Fecundity <>/ two-year-old triploidfemales <>/ tlw Pacifa oyster

(median value in bold)

Female
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Figure 1. Synapsis and meiosis in eggs from triploid Pacific oysters: A metaphase I eggs from diploids

with 10 bivalents; B complete synapsis in metaphase I eggs from triploids with 10 trivalents; C incomplete

synapsis in metaphase I eggs from triploids with a mixture of uni-, bi-, and trivalents; D metaphase 11 in

eggs from triploids; E anaphase II in eggs from triploids; and F metaphase of the first mitotic division

of an embryo from a tnploid (female) x diploid cross.

The orcein staining protocol used in this study was highly

reliable for determining chromosome numbers in early

embryos. Often more than half of the embryos had meta-

phases that could be clearly counted, and it was not un-

usual for embryos to have two countable metaphases.

Most importantly, there is no artifactual chromosome loss.

In the DD crosses, 49 of the 50 embryos analyzed had 20

chromosomes, and one had 30 chromosomes (Table V).

In other crosses, the average chromosome numbers were

24.6 for DT, 25.2 for TD, and 28.8 for TT. TD embryos
had a slightly greater mean chromosome number and

coefficient of variation than DT crosses. The distribution

ofchromosome numbers among embryos in DT and TD
crosses is shown in Figure 3. Comparatively, the distri-

bution of chromosome numbers of DT embryos was

closer to that expected from the random segregation of

the third chromosome set than was the distribution of

chromosome numbers in TD embryos. The latter had

more embryos with 25+ chromosomes than DT crosses.

Flow cytometric analysis of 24-hour-old embryos showed

the same pattern, and the mean ploidy levels were 2.45 c

for DT, 2.46 c for TD, and 2.90 c for TT crosses (Table

III). Mean coefficient of variation ofDNA content among
the four groups was highest in the TD cross (Table III).

Over time, the aneuploid peak in TD crosses split into

two peaks: one close to 2 n and the other close to 3 n (Fig.

4). The peak splitting suggests that aneuploids closest to

euploidy survive longer.

Survival

Survival of the fertilized eggs to D-stage was 65.8% for

DD, 48.9% for DT, 31.7% for TD, and 39.5% for TT
crosses (Table IV). Survival of fertilized eggs to Day 7 in

crosses with triploid parents (0.50-7.9%) was obviously

lower than that in DD crosses (39.8%'). Surprisingly, TD
crosses (7.9%-) had much higher survival to Day 7 than

DT crosses (0.52%). The same pattern of survival contin-

ued to 2 months PF: 20.6% for DD, 0.0007% for DT,
0.0463% for TD, and 0.0085 for TT crosses. When stan-
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Table II

Total number of'chromosomes funi- and mulnvalenls) in eggsfrom

diploid and triploid Pacific oyster beforefertilization

Female
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Table IV

Percent sun'ival of fertilized eggs to D-stage, to 7 days post fertilization

(PF), and to spat (3 months PF) in crosses within/between dip/oid (D)

and Irip/oid (T) Pacific ovster; the first letter in the cross label refers to

thefemale ploidy
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Chromosome Number

Figure 3. Distnhution of number of chromosomes per cell in 2-4

cell diploid (female) > tnploid (DT) and tnploid (female) x diploid

embryos (TD) of the Pacific oyster, showing some TD embryos had high

chromosome numbers where DT did not.

Results of this study suggest that there are important
differences between meiosis in tnploid males and females.

First, chromosome numbers in DT embryos are closer to

the theoretical distribution than those in TD embryos,
and TD embryos had more cells with 25+ chromosomes
than DT embryos. Second, survivors from TD crosses

were primarily polyploid, and survivors in DT crosses

were primarily diploids. These observations suggest that

meiosis in triploid females is more likely to make mistakes

and produce gametes with chromosome gains rather than

losses, compared with meiosis in triploid males. We hy-

pothesize that in eggs from triploids, there is a general

mechanism of pro-egg segregation which favors the re-

tention, rather than loss, of chromosomes by the egg pro-

nucleus.

In eggs, meiotic divisions are characterized by the for-

mation of two polar bodies. We propose that segregation

errors occur more often in the egg than in sperm; and

when those errors occur, the egg tends to retain the errant

chromosome(s) (either univalents or nondisjoined biva-

lents) rather than rejecting them into the polar body. In

contrast, meiotic divisions in males produce four sperm,
and therefore missegregated chromosomes are randomly
distributed into daughter cells by default. The suppression

of meiosis I and the formation of diploid gametes can be

considered extreme cases of pro-egg segregation, which

rarely occur in males. Pro-egg segregation would have a

selective advantage because the gain of chromosomes is

generally less harmful than their loss. Overall, the pro-egg

segregation hypothesis predicts that meiotic segregation

is random and more accurate in males than in females,

and when missegregation occurs in the egg. there is a ten-

dency for the egg to gain chromosomes rather than lose

them.

Pro-egg segregation provides one explanation for the

differences in DT and TD crosses observed in this study,

and may be relevant to cytogenetic abnormalities in other

taxa, such as human aneuploidy. Aneuploidy is a frequent

form of chromosome abnormality in humans. There are

two characteristics associated with human aneuploidy.

First, there is a prevalence of trisomics (hyperploidy) over

monosomics (hypoploidy) among spontaneous abortions

and liveborns (Hecht and Hecht, 1987). Second, 90-95%
of the trisomics receives the extra chromosome from the

mother (Takaesu el a!.. 1990; Antonarakis el al. 1991,

Number
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1000-^
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1992), and there is a positive correlation between the fre-

quency of trisomics and maternal age (Hecht and Hecht.

1987). The pro-egg segregation provides a possible expla-

nation for these charao' r
;

s;ics. An alternative explanation

for the prevalence r
; Demies among spontaneous abor-

tions is the pos'
:

that all monosomics die at an early

stage before trnv ;jcognition of pregnancy. Direct com-

parison of h\po-/hyperploidy ratio in mammalian sperm
and oocytes has not been possible, because of the artifac-

tual nature of hypoploid data. Unlike the orcein stain

method used in this study, the standard air-dry procedure

in mammalian cytogenetics is prone to chromosome loss.

In fact, cytogenetic analyses in mammals often discard

hypoploid data completely, and estimate the total aneu-

ploidy frequency by doubling the hyperploidy frequency

(Mailhes, 1987; Pellestor, 1 99 1 ; Zenzes and Casper, 1992).

(The assumption of hypo- and hyperploidy occurring at

the same frequency would be invalid under the pro-egg

segregation hypothesis.) Nevertheless, it has been well

recognized that meiotic differences exist between human
males and females. One of the hypotheses attributes the

excessive non-disjunction in oocytes to the compromised
microcirculation (Gaulden, 1992). Another hypothesis

views that non-disjunction occurs randomly at all chro-

mosome pairs in males, but not in females (Hecht and

Hecht, 1987; Pellestor, 1991). Others have primarily fo-

cused on the positive correlation between trisomics and

maternal age (Warburton, 1989; Eichenlaub-Ritter and

Boll, 1989; Gaulden, 1989, 1992; Kloss and Nesse, 1992;

Kratzer el al. 1992; Zheng and Byers, 1992). The only

one that is similar to the pro-egg segregation hypothesis

is the chromosome competition hypothesis by Axelrod

and Hamilton (1981). Recognizing the excess of hyper-

ploids and their positive correlation with maternal age,

Axelrod and Hamilton suggested that hyperploidy was

due to competition among chromosomes to get into the

oocyte rather than the polar body, as the mother ap-

proaches menopause.
There may be other mechanisms responsible for the

apparent differences in meiosis between triploid females

and males in this study. The formation of tetraploids

in TD crosses, for example, could be caused by spon-
taneous suppn um of meiosis I (Wilson, 1946; Fank-

hauser and : rev, 1950). In the Pacific oyster,

blocking polar bo ; i TD zygotes indeed produced

high proportions ol .uloids (Guo and Allen, 1994a).

However, suppression of meiosis I, or even meiosis II,

cannot explain the formation of a high proportion of

diploid gametes in triploid females (corresponding to

3 n TD survivors).

Reproductive potential of triploids

This study clearly shows that triploid Pacific oysters are

not completely sterile. Despite the fact that the majority

of progeny from triploids were aneuploids, survivors were

obtained from all crosses. This study also demonstrates

that the majority of Pacific oyster aneuploids with inter-

mediate chromosome numbers are inviable. Survivors

that were classified as euploids in this study actually may
be aneuploids because flow cytometry cannot detect small

differences in DNA content without rigorous standard-

ization. Viability of trisomics, hyper-triploids, hypo-, and

hypertetraploids was demonstrated previously in the Pa-

cific oyster (Guo and Allen, 1994a).

Because gametes from triploids were fully capable of

fertilization, the reproductive potential of triploids pri-

marily depends on their fecundity and survival of off-

spring. The relative fecundity of the triploid females was

about 2% of diploid. Unfortunately, sperm production in

triploid males was not determined in this study. Our ob-

servations seem to suggest that the relative fecundity (rel-

ative to diploids) of triploid males might be even lower

than triploid females. Comparable fecundity data are not

available in the literature, and most studies on the sterility

of triploid animals are limited to histological observation

of gonadal development (Beaumont and Fairbrother,

1991). In salamanders, triploid females produced half as

many eggs as diploids (Fankhauser and Humphrey, 1950).

In the clam (Mulinia lateralis Say), the relative fecundity

of triploid females and males was about 59% and 80%,

respectively, compared with diploids (Guo and Allen.

1994b). Among 500 triploids examined in the carp (Car-

assius auratus), one female was found to have a normally

developed ovary filled with normal eggs (Gui et al. . 1991).

The results of our TT crosses are relevant to population

control, as in the case where pure triploid populations are

used in the culture or testing of a non-native species. As-

suming that sperm is not the limiting factor (a conservative

concession), the reproductive potential may be estimated

as the product of reduced fecundity of triploids (0.02 of

diploids) and survival of TT progeny relative to diploids

(0.0085%/20.6%), or about 0.0008% of normal diploids

in the first generation. For example, when diploids have

1 million chances to reproduce, triploids would have about

8. Furthermore 90% of TT survivors were triploid, al-

though the chance of producing a diploid is not zero.

The other situation is a population mixed with diploids

and triploids, as in the case where triploids (e.g.. Pacific

oysters) are cultured in close proximity to a normal diploid

population. Here, the fecundity of triploid males needs

to be considered also. Assuming the triploid males also

had a relative fecundity of 2%, triploids would have a

reproductive potential of 0.0046%. of normal diploids, i.e.,

46 in one million. The sperm production in triploid males

may not be 2%, but since reproductive potential is pri-

marily due to survival of TD, and not DT, crosses, our

estimate would change little. In subsequent generations,

the involvement of tetraploids if fertile may favor the
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production of triploids. Reproductive potential of tetra-

ploids needs to be examined further.

These estimates of reproductive likelihood are prelim-

inary, and many factors could affect the reproductive po-

tential of triploids. For example, environmental factors

could affect fecundity of triploids. We noticed that tri-

ploids from Washington State produced very few eggs,

compared with ours reared in quarantine in New Jersey.

More importantly, the reproductive potential estimated

in laboratories probably overestimates that from natural

situations. However, given adequate study, the reproduc-

tive potential of triploids is quantifiable.

Evolutionary implications

Reproduction in triploid Pacific oysters may have evo-

lutionary implications. In plants, polyploid evolution has

been described as a two-step process (deWet. 1980). The
first step is the formation of triploids (often during hy-

bridization); the second step production of tetraploids

from crosses between triploid females (3 n gametes) and

diploid males ( 1 n gametes). Fankhauser and Humphrey
(1950) duplicated these steps in the laboratory with the

salamander, but their findings were largely neglected by

evolutionary zoologists. Our finding of the same process

in the Pacific oyster suggests that the triploid female X

diploid male scenario may be a general phenomenon oc-

curring in other animal groups. In special cases of fish

and amphibians, the transition from triploid to tetraploid

is accomplished by an endomitosis before meiosis

(Schultz. 1980). However, endomitosis is rare and pri-

marily limited to a group of all-female, gynogenetic fish

(Cimino, 1973). Our data, along with those of Fankhauser

and Humphrey ( 1950) plus data from plants, suggest that

the triploid female X diploid male scenario may serve as

a general mechanism for evolution by polyploidy in both

animals and plants.

Another interesting finding of this study is that crosses

within triploids produce primarily triploids, proving that

triploids have some fertility and apparently can reproduce

themselves genetically. The possibility of triploids mating
with triploids exists in a hybridization zone where triploid

hybrids are more viable than diploid hybrids. Those tri-

ploid hybrids may potentially mate with each other to

reproduce themselves, or mate with diploids to produce
fertile tetraploids. It has been documented in several spe-

cies of fish that hybridization is only viable as triploids

(Chevassus ct al.. 1983; Scheerer and Thorgaard. 1983:

Arai. 1984. 1986; Parson el al. 1986; Yamano el al.,

1988).
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Abstract. Metndium senile, the frilled sea anemone, and

Modiolus modiohis. the northern horse mussel, are im-

portant members of benthic suspension-feeding assem-

blages at several rocky hard-bottom subtidal (30-35 m)

sites in the Gulf of Maine. Measurements of food avail-

ability, rates of food capture, absorption efficiencies, and

standard metabolic costs show that inshore populations

of Metridium senile have a significantly lower scope for

growth than offshore populations, despite higher mean

concentrations of particulate organic matter inshore.

Similar measurements and calculations for Modiolus mo-

diohis reveal the opposite pattern. These differences per-

sisted at both of these sites during two summers, 1989

and 1990. when differences in mean temperature were

not physiologically significant. Thus temperature is pre-

cluded as the primary effect on metabolism and growth.

We suggest that these physiological differences reflect a

response to flow regime and food availability that appears

to be manifested differently for Metndium senile and for

Modiolus modiohis, a passive and an active suspension

feeder, respectively. Results from a reciprocal transplant

experiment, to measure growth rates, carried out over a

one-year period support the calculated scope for growth

during the season when maximum growth rates would be

expected. The flux of seston appears to be an important

factor affecting the organismal performance ofthe passive

suspension feeder (M. senile), whereas the concentration
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of seston is more important for the active suspension

feeder (M. modiolus).

Introduction

Throughout the rocky subtidal region of the Gulf of

Maine (COM), sessile suspension-feeding invertebrates are

a dominant feature of benthic communities (Witman and

Cooper, 1983;Sebens, 1985; Witman, 1985;Sebens, 1986;

Witman, 1987; Ojeda and Dearborn. 1989). Within the

COM, the abundance of passive and active suspension-

feeding invertebrates at a depth of 30-45 m coincides with

the occurrence of a particulate maximum layer (PML)

(Witman and Sebens, 1988; Townsend and Cammen,

1985). and includes a subsurface chlorophyll maximum

(Townsend el al., 1984; Morrison and Townsend, 1988).

Levels of phytoplankton biomass and productivity are

higher in the coastal waters ofthe GOM than in the central

open waters (Yentsch et al.. 1979; Yentsch and Garfield,

1981). Such regional differences in productivity could af-

fect the dynamics of benthic suspension-feeding com-

munities because ofthe linkage between the food resources

of these communities and the hydrographic events oc-

curring in the overlying water column. These hydro-

graphic events do affect the production and transport of

particulate food to the benthos (Graf et al., 1982. 1983;

Frechette and Bourget, 1985a). Benthic-pelagic coupling

has been demonstrated for intertidal (Frechette and

Bourget, 1985a) and deep-sea (Graf, 1989) secondary

productivity and for successful settlement (Thresher et

al.. 1989) or recruitment (Townsend and Cammen, 1988)

of temperate marine fishes. Regional differences in the

quantity of available seston occur between coastal and

offshore waters of California where the scope for growth

and the shell growth of mussels (Mviihis ediilis) is food

319
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limited offshore (Page and Ricard, 1990). The biomass

and growth rates of suspension-feeding invertebrates de-

pend on the quality (ivirogen content relative to carbon)

as well as the quantity of seston (Stuart and KJumpp,

1984; Seiderer and Newell, 1985; Fielding and Davis,

1989; Page and Ricard, 1990; Grant and Crawford, 1991).

Food limitation in dense aggregations of suspension

feeders on coral reefs (Glynn, 1973), in cryptic reef habitats

(Buss and Jackson, 1981), and among intertidal and in-

faunal bivalves (Frechette and Bourget, 1985b; Peterson

and Black, 1987) supports the notion that particulate food

resources and the distribution and abundance of benthic

suspension feeders are related. Food availability is also

coupled to current velocity, which ultimately determines

the flux of material that can be captured and utilized (Se-

bens, 1984; Genin el ai. 1986). Variability in the near-

bottom flow regime also affects the distribution and

abundance of benthic suspension feeders through its in-

fluence on prey capture (Best, 1988; Patterson. 1991a, b),

growth (Shick el al, 1979; Sebens. 1981. 1984), metab-

olism (Patterson and Sebens, 1989), mode of reproduction

and clonal structure of populations (Shick el al., 1979),

larval recruitment (Butman, 1986; Genin el al.. 1986),

and dislodgment from the substratum (Witman, 1987).

We have examined, in two distinct sites, the effects of

food availability and water flow on the physiological ecol-

ogy of two members of a benthic suspension-feeding

community. The two sites represent inshore and offshore

oceanographic regimes in the GOM. The inshore site

Gull Rock Ledge (GRL), Monhegan Island and the off-

shore site Ammen Rock Pinnacle (ARP), Cashes

Ledge are being used to study the long-term dynamics
of benthic communities at 30-35 m. Five-year records of

bottom temperatures at these sites show remarkably sim-

ilar seasonal temperature profiles (Witman. unpub.).

which largely eliminates temperature-related effects on

metabolism and secondary productivity as the primary
determinants of the distribution and abundance of these

communities. These two sites are, however, significantly

different in annual new production (Townsend and Spin-

rad, 1986; Morrison and Townsend, 1988) and mean cur-

rent velocities (Witman, unpub.. Table I).

Metridium senile, the frilled anemone, and Modiolus

modiolus, the
;

use mussel, are important components
of both the insh . and offshore rocky hard-bottom

benthic communii ..itman and Sebens. 1988, 1990;

Witman, unpub.). But the two species have different

modes of suspension feeding and use different food re-

sources. Metridium senile is a passive suspension feeder,

while M. modioliis is an active suspension feeder; M. senile

feeds primarily on crustacean and larval zooplankton

(Sebens and Koehl, 1984), and M. modiolus feeds pri-

marily on phytoplankton (Griffiths and Griffiths, 1987);

yet both species can digest detritus (Seiderer and Newell,

1985: Zamer el ai, 1987). Although their distribution and

abundance on subtidal hard bottoms is patchy, anemones

and mussels have very different patterns of density at each

site. Modiolus modiolus has higher densities at GRL than

at ARP, whereas M. senile shows the opposite pattern,

with higher mean densities at ARP than at GRL (Witman
and Sebens, 1988; Witman, unpub.).

We hoped to discern the relative importance of particle

flux versus seston concentration on scope for growth

(SFG) of these two suspension feeders. Although com-

petition for space or food has been invoked as a factor

limiting the growth and survival of benthic suspension

feeders (Buss and Jackson, 1981; Frechette and Lefaivre,

1990), the plasticity in the physiological response of a

species to different environments influences its growth

and survival (Bayne and Widdows, 1978; MacDonald and

Thompson, 1986; Zamer and Shick, 1987). Rather than

measuring growth directly, the energy available for growth

can be determined from an energy budget and used to

infer long-term patterns of growth. SFG has provided a

quantitative basis for comparing the bioenergetics of bi-

valve molluscs (Bayne and Widdows, 1978; Wilbur and

Hilbish, 1989; Clarke and Griffiths, 1990; Grant and

Cranford, 1991) and sea anemones (Zamer and Shick,

1 987) exposed to different physical environments and food

regimes. Such bioenergetic data should complement direct

measurements of growth for benthic species occurring ei-

ther onshore or offshore in the GOM. Here we report

both long-term growth and physiological measurements

for Metridium senile and Modiolus modiolus. These data

reflect a response to flow regime and food availability that

appears to be manifested differently in the two species.

Materials and Methods

Collection sites and experimental animals

Metridium senile and Modiolus modiolus were collected

from 30-35 m depth at a coastal site, Gull Rock Ledge,

Monhegan Island (43 45.0' N, 69 17.5' W), and an off-

shore site, Ammen Rock Pinnacle, Cashes Ledge (42

5 1 .25' N, 68 57.11' W) in the GOM (Fig. 1 ). Mixed-gas

scuba (NOAA Nitrox I and II) was used in June 1989 for

work on Metridium senile and in August 1990 for work

on Modiolus modiolus. Additional information was col-

lected during these periods as described below, and in

both years data collection from both sites was completed

within one week of each other.

Seston jinx and quality

The fluxes of total particulate matter (PM) and partic-

ulate organic matter (POM) at the level of the suspension-

feeding community (10-20 cm offthe bottom) were mea-

sured as follows. Scuba divers collected samples of sea-
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Figure 1. Map of the Gulf of Maine showing the location of the two

sites Gull Rock Ledge just off Monhegan Island and Ammen Rock

Pinnacle on Cashes Ledge where Metridium senile and Modiolus mo-

diolns were collected. Dotted line represents 100-m depth contour.

water in 5-liter horizontal Niskin bottles. The divers held

the bottles with one opening facing upstream into the

ambient current. While remaining neutrally buoyant to

avoid any resuspension of paniculate matter from the

benthos, they then triggered the bottles from the down-

stream side. Horizontal current velocity (cm s~') was

measured simultaneously with electromagnetic current

meters (InterOcean model S4) at the same location and

time that the samples were collected. The recorded flow

speeds were the averages of measurements of 1- to 5-min

duration at 2 Hz ( 120 data points min~'). The horizontal

flux of paniculate food moving past the suspension-feed-

ing community was calculated as flux =
velocity X POM

(Mg POM cm' 2
s '). Replicate 0.5-1 samples (N =

10) of

benthic water from each site were filtered onto preweighed

and baked (450C) GF/F filters, frozen (-20C), and re-

turned to Bigelow Laboratory for Ocean Sciences for a

determination of ash-free dry weight (AFDW =
organic

content) and carbon, hydrogen, and nitrogen (CHN) con-

tent. Filters for the calculation of PM and POM were

washed with isotonic ammonium formate to remove salts.

PM filters were then dried at 60C for 24 h and weighed.

Filters used for measuring POM were weighed and then

combusted at 450C for 6 h, and AFDW was calculated

by difference. Filters foi CHN analysis were kept under

desiccation until just before analysis, and then freeze-dried

again. Samples were combusted in a Control Equipment

Corporation (Perkin Elmer) 240 XA elemental analyzer

with an automatic sampler in an air-tight box to keep the

samples dry, and acetanilide was used as a standard. No
desiccation was provided while the samples were being

processed. The values for paniculate food fluxes, concen-

tration of seston, and seston C:N ratios obtained at the

two sites, GRL and ARP, were statistically compared with

a Student's t test on arcsine or log-transformed data.

Biochemical composition ofbenthic invertebrates

Whole freeze-dried anemones and mussels (N = 5-7)

were pulverized, and the powder from each individual

anemone or mussel was subsequently subsampled in trip-

licate. The subsamples were each processed as described

above to minimize the rehydration of the tissues. Still

another set of samples of freeze-dried anemone and mussel

tissues was combusted at 450C as described above, and

a CHN analysis was run on the remaining ash (
=

inorganic

content). The CHN analyses of tissues and ash were used

together to determine the proximate biochemical com-

position of tissues; the stoichiometric equations of Gnaiger

and Bitterlich (1984) were applied as described by Zamer

and Shick (1989). The tissue C:N ratios and proximate

biochemical composition of tissues from animals collected

at GRL and ARP were statistically compared with a Stu-

dent's t test on arcsine or log-transformed data.

Scope for growth

The calculation of scope for growth (SFG) entailed the

measurement of several parameters, specific for either

mussels or anemones. Some ofthese measurements could

not be made in the field. In particular, live anemones

from GRL and ARP were returned to Bigelow Laboratory

so that the maximum size of the tentacular crown in still

water could be determined. This, in turn, allowed us to

calculate the tentacular crown areas of individuals used

in the measurement of respiration and ammonia flux.

The regression of freeze-dried weight (X) on the maximum
width of the tentacular crown (Y) (GRL: Y = 2.44X0332

,

r = 0.981, N =
7, P= 0.0001; ARP: Y = 2.38X0289 , r

= 0.969, N =
6, P = 0.006) was established for both pop-

ulations as described for west coast populations of M.

senile by Sebens (1981), and was used to calculate the

maximum area of the tentacular crown.

These same anemones were also used to assess the effect

of flow on the deformation and subsequent decrease in

the size ofthe tentacular crown. This assessment was made

in a recirculating flow tank (Vogel and LaBarbera, 1978)

with the aid of close-up photographs, taken from above,

of the anemone tentacular crown as it changed mor-

phology under flow speeds up to 20 cm s"
1

. The percent

deformation under a specific flow regime was then applied

to values for anemone tentacular crowns at GRL and

ARP, allowing us to determine the maximum surface area



322 M. P. LESSER ET AL

available for prey capture. Filtering efficiency of the ten-

tacular crown at different flow speeds was estimated from

the model described fo' the soft-coral A/cyoniiim siderium

by Patterson (199 la [Fig. 10], b [Fig. 3]). This model is

also applicable to M. senile (Patterson, pers. comm.), and

describes an inverse relationship between flow speed or

Reynolds number and filtering efficiency by comparing

the number of particles captured to the total number of

particles that passed by the filtering element.

Anemones returned to the laboratory were fed a spe-

cific ration of food (Artemia sp. nauplii; <5% ofanemone

wet biomass) known to be in the size range of food cap-

tured by these anemones (Sebens and Koehl, 1984) and

representative of the zooplankton that are known to

make up a major portion of the diets of many carnivo-

rous sea anemones (Shick, 1991), and of M. senile in

particular (Sebens and Koehl, 1984). The absorption ef-

ficiency was determined at the measured temperature of

the site, and only on animals that completely ingested

the ration. All ejecta were collected with a syringe 24 h

after feeding. Extraneous mucus was avoided, but col-

lections of ejecta undoubtedly included mucus within

the digested food bolus. The absorption efficiency of ma-

terial ingested by anemones was determined by the ratio

method of Conover (1966). This method assumes that

only the organic component is significantly affected by

the digestive process and compares changes in the pro-

portion of organic matter in the food and feces. The

organic content of food and feces was determined by
vacuum filtering samples onto preweighed and com-

busted GF/F filters, and rinsing with isotonic ammonium
formate to remove salts. The filters were then dried at

60C for 24 h, weighed, and combusted at 450C for

6 h. The AFDW of the food and feces was then calculated

by difference, and the absorption efficiency of organic

matter was calculated as described by Conover (1966).

The maximum amount of seston that could be caught

by individual anemones at a specific flow speed was cal-

culated as described by Best (1988), where the amount of

seston caught is proportional to the volume of water pro-

cessed (surface area of filter [= tentacular crown] X speed

of flow ! multiplied by the seston concentration and fil-

tering en ^cy. This value is equivalent to total energy

consumptu C) in the balanced energy equation (see

below), and is 'iolied by the absorption efficiency in

the calculation ol ?nergy assimilated (A).

Logistic constrain i , m the field and in the laboratory

precluded the measurement of clearance rate and absorp-

tion efficiency for Modiolm nwdiolus. But the literature

on this mussel contains laboratory (algal monocultures.

Winter, 1969, 1978) and field (natural seston, Navarro,

1990; Navarro and Thompson, 1994) measurements of

the required values. Navarro ( 1990) studied M. modiolus

from Newfoundland, and the mussels from this study had

a smaller range of dry tissue weights ( 1 .5-6.68 g). He ob-

served only a slight, and insignificant, seasonal pattern

for changes in clearance rate: those in the spring and sum-

mer remained consistently high and were not correlated

with changes in temperature. Furthermore, the clearance

rates Navarro (1990) calculated for August are not sig-

nificantly different from our estimates calculated with the

allometric equations of Winter (1969, 1978). Because the

POM concentrations (0.38 to 1.36 mg 1~'; Navarro, 1990)

and temperatures experienced by Newfoundland and

GOM mussels are very similar, we used the August 1987

allometric equation from Navarro (1990, Y = 0.91W053
)

on mussels employed in respiration and ammonia excre-

tion experiments to calculate weight-specific clearance

rates for GOM mussels feeding on natural seston. We
then used these calculated clearance rates and covariance

procedures (described below) to obtain a weighted clear-

ance rate.

During their two-year study, Navarro (1990) and Na-

varro and Thompson ( 1994) used four different techniques

(ash ratio, silicate ratio, organic carbon, and chloropig-

ments) to measure absorption efficiency. Despite small,

but significant, differences between methods (Navarro and

Thompson, 1994), none of the four techniques showed

significant seasonal variability or any effect of body size

on the efficiencies of absorption for natural seston by M.

modiolus. Both Winter (1978) and Navarro (1990) found

that absorption efficiency was independent of body size.

We applied the mean value of the pooled absorption ef-

ficiencies (A'
= 188, 76.2%) for natural seston for all sea-

sons from Navarro (1990) to our samples at both sites.

The seston samples from GRL and ARP were analyzed

for ash-free CHN content, and the percent organic carbon

values of the seston were used, with the relationship de-

scribed by Salonen et al. (1976) uncorrected for nitrogen,

to calculate the energy content of the POM. The energetic

value of the natural seston at the time of the experiments

was used to determine the total energy ingested by the

anemones and mussels at each site.

Respiration measurements

The respiration rates ofanemones and mussels collected

from onshore and offshore sites were measured after at

least 24 h, and as long as 36 h, without food. Due to

equipment shortages, respiration on all anemones could

not be measured simultaneously after 24 h without food.

A period of starvation was required to avoid, as much as

possible, the costs associated with digestion or biosynthesis

ofmacromolecules (i.e.. specific dynamic action). Specific

dynamic action is very likely a consistent feature of both

these suspension feeders in nature but, without any

knowledge of their prior feeding history or the degree of

specific dynamic action expressed, we chose to measure
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respiration and calculate SFG on post-absorptive animals.

Data about the return of anemones to pre-prandial rates

of respiration are scarce; however, in the case ofAnemonia

viridis, post-prandial rates of respiration were at, or below,

pre-prandial rates from 24-36 h after a meal at 10C

(Shick, 1991, Fig. 3.9), while similar changes in Aiptasia

diaphana were observed 12-24h after a meal at 24C

(Shick, 1991, Fig. 3.9). Assuming that these symbiotic

anemones are exhibiting typical times of returning to pre-

prandial respiration rates, the times used here are consis-

tent with those results. Indirect calorimetry was accom-

plished with oxygen electrodes (Nester Inc., non-oxygen-

consuming) in fixed-volume, closed, Plexiglas respirom-

eters at the ambient temperature (6-9C) and salinity of

collection; filtered ( 1 .0 ^.m) seawater was used.

When Modiolus modiolus were collected in 1990, am-

bient temperatures at the two sites differed by less than

1C (GRL. 9.2C; ARP 8.6C); but in 1989, when M.

senile were collected, the differences were larger (GRL.

6.2C; ARP 4.6 C). Therefore, to correct for these tem-

perature effects, calculations ofQ, were made and applied

to acute measurements, made on site, of respiration (Q ]0

=
1 .93), and ammonium excretion (Q 10

= 2. 1 2) in freshly

collected ARP anemones. The same set of anemones was

used for measurements of respiration and ammonium

excretion at about 4.6C and 6.2C. The values obtained

were used in the formula Q, = (R:/Ri )'
O/T -~ TI

; and the

resulting Q 10 value was used to correct for temperature

effects according to the formula: R :
= RI Qio

(T^T
' /1C))

.

where R = rate of process and T = temperature.

The unidirectional flows of the seawater within the

chambers were relatively similar to in situ flows at each

site (qualitatively determined by measuring particle speed

visually), using a rheostat-controlled motor and a stirring

wheel within the Plexiglas chamber. The different flow

regimes within these chambers were sufficient to maintain

maximum diffusion between the seawater and electrode

and. therefore, sensitivity of the electrode to changes in

oxygen concentration. The decline in oxygen concentra-

tion was begun 15 to 30 min after the animals were placed

in the chambers under reduced lighting. Visual observa-

tions showed that Metridium senile was fully expanded

during all respirometry runs, and Modiolus modiolus was

actively pumping. Oxygen consumption was not mea-

sured below 70% of ambient; at this level the rate of uptake

in oxyconforming species becomes dependent on external

concentrations. Measurements of respiration were made

over 1-4 h, depending on individual anemone or mussel

biomass.

The oxygen consumption was either monitored con-

tinuously with a data logger equipped with an analog-to-

digital converter, or manually recorded every 5 min and

converted to rates of oxygen consumption (Table II) per

individual. Rates were calculated from the slopes of oxy-

gen consumption plotted against time. Blank controls with

no animal, run before and after each experiment, were

averaged and subtracted from the experimental rates.

Rates of oxygen consumption for each animal were com-

pared against its freeze-dried weight of tissue.

Ammonia excretion

Rates of ammonia excretion and respiration were de-

termined at the same time and on the same animals. Sea-

water samples were taken from the respiration chamber

before and after each respiration measurement. These

samples were filtered (0.2 urn), frozen, and analyzed ac-

cording to the phenol-hypochlorite method of Solorzano

(1969). Rates of excretion were used with respiration

measurements to calculate O:N (oxygen:nitrogen) ratios;

that is, the atomic ratio of oxygen consumed and am-

monia-nitrogen excreted. The O:N ratio can then be used

to estimate the amount of protein catabolized relative to

total carbohydrate and lipid, with low O:N ratios indic-

ative of high protein catabolism. O:N ratios have been

used as metabolic indicators and can provide information

about the physiological state (i.e.. respiratory substrate

being utilized) of the organism (Mayzaud and Conover,

1988;Szmant et ai, 1990).

The energy conversion factors for oxygen (0.45 J per

Atmol O: ) and ammonia (0.34 J per ^mol NH4+
) were

from Gnaiger (1983) and Elliot and Davison (1975) re-

spectively. The respiration and excretion costs were di-

rectly measured on all anemones and mussels used in this

study.

In analyzing the physiological measurements reported

here, weight-specific rates were not compared. This is be-

cause physiological processes, especially respiration, scale

allometrically; that is, they generally do not increase iso-

metrically with volume or biomass (Patterson, 1992). Such

data therefore violate the assumption of isometry required

when measures of biomass are used to normalize the data.

We have therefore used an analysis of covariance (AN-

COVA) with dry weight as the covariate, and the individ-

ual slopes from each site used to weight all measurements

within a site to an animal of standard size and tissue dry

weight, whether anemone (grand mean = 2.53 g, range

of 0.55 to 4.99 g [ARP], 0.58 to 6.22 g [GRL]) or mussel

(grand mean = 7.61 g, range of 4.59 to 11.12g [ARP],

1.67 to 15.24 g [GRL]) (Packard and Boardman, 1988).

Regressions of dry weight upon the process of interest,

from which the slopes were obtained for weighting pur-

poses, are listed in Table II.

Calculating scopefor growth

These weighted physiological responses of anemones

and mussels were then converted to energy equivalents

and used in the balanced energy equation to calculate
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SFG, the energy available for growth and reproduction

after maintenance costs are satisfied (Widdows and John-

son, 1988). Scope-for-growth calculations provide a rapid

and quantitative method of assessing the physiological,

and therefore energetic, status of an animal under different

environmental conditions. The balanced energy equation

is expressed as

C=P+R+U+F
where C = total consumption of food energy; P = somatic

and gamete production; R =
respiratory energy expenses;

U =
energy lost as waste or excreta; F = fecal energy loss.

The absorbed ration. A, is the product of consumption,

C, and the efficiency of absorption of energy from the

food. Production can then be expressed as

P = A - (R + U)

and is estimated from the difference between the energy

absorbed from food and the energy expenses of respiration

and excretion, which is termed the SFG (Widdows and

Johnson, 1988). Scope for growth and the individual

measurements used to calculate SFG on GRL and ARP
populations of M. senile and M. nwdiolus were tested

statistically with a Student's / test at the 0.05 level of prob-

ability. SFG was calculated only for individual mussels

and anemones for which respiration and ammonia ex-

cretion had been directly measured.

A condition index was also calculated for Modiolus

nwdiolus; freeze-dried soft-tissue weight and dry shell

weight were used to compare metabolism directed at shell

with somatic growth, as described by Crosby and Gale

[1990; CI =
dry soft tissue wt. (g) X 1000/dry shell wt.

(g)]. The condition index chosen is essentially a body

component index, with higher values indicating energy

directed towards tissue growth, and lower values indicating

energy directed towards shell growth.

Reciprocal transplants and growth measurements

Melridium senile and Modiolus nwdiolus were trans-

planted from GRL at 30 m depth to the same depth off-

shore (ARP), and vice versa, in July 1989. The initial

collection protocol consisted of removing mussels and

anemones fn
'

^ir original habitat, avoiding the col-

lection ofanemot donemates based on color, and mea-

suring their size. For mussels, size was recorded as shell

length in centimeters -ange of 4.33 to 13.33 cm [ARP],
4.84 to 12.98 cm [GRL]) measured with Vernier calipers.

For anemones, size was recorded as displacement volume

(range of 3.0 to 55.0 ml [ARP], 2.0 to 50.0 ml [GRL]).
For M. senile, regressions of volume displacement onto

tissue dry weight were established for both sites by col-

lecting anemones, forcing them to fully contract, blotting

them dry, and measuring their displaced volume in a 1-1

graduated cylinder filled with seawater. These animals

were returned to the laboratory and dried to a constant

weight at 60C.
The transplantation proceeded as follows; Mussels and

anemones were placed into one of three numbered com-

partments of a Vexar cage on a 80-kg base; the base mea-

sured 150 X 70cm. Five replicate compartments were

randomly assigned to each treatment and control, with

treatments consisting of transplants from coastal to off-

shore habitats, and transplants from offshore to coastal

habitats. Control groups of mussels and anemones were

removed and returned to their original habitats in cage

compartments. The complete experimental design at one

site consisted of 50 replicate mussels and 40 replicate ane-

mones for each treatment and control. Experimental and

control animals were collected by scuba in August of 1990,

and remeasured as described above. The growth data were

analyzed with Ford-Walford plots and ANCOVA tech-

niques. We also measured the total tissue dry weight of

all individual M. nwdiolus so we could compare shell

growth with somatic tissue growth.

Results

Current velocities, seston concentration, and

seston quality

Mean current velocities were almost ninefold higher at

ARP than at GRL in 1990 (Table I) and are typical of

those from other years (Witman and Sebens, 1988, un-

pub.). Both PM and POM concentrations were signifi-

cantly greater (/ test, P < 0.05) at GRL than at ARP in

1989 and 1990 (Table I). When the flow and POM values

are used to calculate mean flux of POM at both sites in

1990, we can see that ARP does exhibit higher fluxes of

paniculate food despite having lower concentrations of

POM (Table I). We used current velocities from 1990 to

calculate the POM flux at GRL in 1989, assuming that

the data for the two years would be similar. This as-

sumption is supported by the consistently lower current

velocities observed at GRL and other inshore sites in 1 99 1 ,

1992, and 1993 (Witman. unpub.. Table I). Additionally,

using the flow data from subsequent years or the mean

of those years does not significantly change the differences

in SFG or assimilated energy described below. Seston

quality, as determined by the C:N ratio, was not signifi-

cantly different within each year between sites (Table I).

The difference in seston quality between years may reflect

the seasonal difference in C:N ratios due to an increase

in the detrital component of the seston as nitrogen is re-

moved by zooplankton and bacteria. All C:N ratios suggest

that the POM consisted primarily of phytoplankton and

bacteria rather than refractory organic material. Although

no effort was made to fractionate the seston into its dif-

ferent components, zooplankton will also contribute to
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Table I

lln speeds and seston quantity and quality for Hull Rmk Ledge hland (GRL) and Aininen Rock Pinnacle (ARP) in 1989 and 1990

1989 1990

GRL ARP GRL ARP

Flow'
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Metridiitm senile

O
in

Gull Rock Ledge Ammen Rock Pinnacle

Modiolus modiolus

u
u.

en

Gull Rock Ledge Ammen Rock Pinnacle

Figure 2. Calculated scope for growth (J h ') and measured or calculated components used in calculation

(mean SD). C = total consumption of food energy; A = assimilated energy is the product of total con-

sumption and absorption efficiency: R =
respiratory energy costs; U =

energy lost as excreta; P =
production

(or scope for growth). P = A - (R + U). (A) Mcirulnim wmlc. (B) .lW;/v woi/Wn.v. P values are the

result of an unpaired, one-tailed / test comparing sites.
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I able II

Measured and calculated physiological responses tor Melridium senile and Modiolus modiolus

Function Location Rate

modiiilus

1' value

Metridium senile
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Metridium senile

Wp (Mass fraction of protein)

Wk (Mass fraction of carbohydrate)

Wl (Mass fraction of lipid)

Gull Rock Ledge Ammen Rock Pinnacle

Modiolus modiolus

.0 0.4 -

D Wp (Mass fraction of protein)

H Wk (Mass fraction of carbohydrate)

I W| (Mass fraction of iipid)

Gull Rock Ledge Ammen Rock Pinnacle

Figure 3. Proximate biochemical composition of Metridium senile (A), and Modiolus modiolus (B) for

GRL and ARP sites. Wp
= mass fraction of protein, Wk

= mass fraction of carbohydrate. W, = mass fraction

of lipid. All results are mass fractions g (g^ W)"' SD as units.

bohydrate were the dominant respiratory substrates at

GRL. IfGRL anemones were feeding on resources that

were enriched in lipid and carbohydrate, or were de-

pending on stored forms of these constituents, this was

not reflected in any significant differences in the bio-

chemical composition of anemone tissues between the

two sites. Lastly, the values of tissue C:N, seston C:N,

and O:N that we observed for anemones and mussels

suggest that the supply of nitrogen in the seston was

adequate at both sites.

Reciprocal transplants and growth ofanemones

and mussels

All regressions for the transplant comparisons were sig-

nificant (ANOVA. P < 0.05), with the number of samples

for each comparison being the number of individuals re-

covered (minus losses due to storms and mortality) for

which we could match numbered tags with individual

identifying marks.

The relationship between volume displacement (Y) and

dry tissue weight (X) was significant for samples of Me-
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Growth efficiencies and metabolic and condition indices for Metridium senile and Modiolus modiolus collected from onshore (Gull Rock Ledge
/URL/) and offshore (Ammen Rock Pinnacle [ARP/) sites in the GulfofMaine
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quality, and therefore energy content, or the quantity of

seston at both of our sites, which was slightly higher than

in Newfoundland. Seasonal decreases of SFG in other

bivalve molluscs have been attributed to decreased seston

concentrations (Griffiths and Griffiths, 1987), and inter-

tidal bivalves usually show negative SFG as a result of the

combined effects of decreased seston concentration and

the tidally determined decrease in feeding time during the

late summer (Griffiths and Griffiths, 1987). Our positive

SFG results for August are not entirely unexpected be-

cause year-round positive SFG has been reported for blue

mussels (Mytilus edit/is) living in a subarctic environment

with concentrations of paniculate organic matter

(Thompson, 1984) similar to the values reported in this

study. Our conclusion that, for Modiolus modiolus, SFG
is closely related to seston concentrations is also consistent

with the different levels of productivity characteristically

found at onshore and offshore sites. These differences in

productivity are well known from successive years of

oceanographic data collected in the Gulf of Maine

(Townsend et a!., 1984; Townsend and Spinrad, 1986;

Morrison and Townsend, 1988). Moreover, the more

comprehensive work of Navarro (1990) is in agreement

with our findings that total seston concentration is more

important than seston flux in determining the SFG and

biomass of horse mussels. Previous work on Mytilus edulis

(Page and Ricard, 1990), in which secondary productivity

of blue mussels was limited by offshore seston concentra-

tions, also supports our conclusions.

The indirect measurements ofgrowth on anemones and

mussels, using an energetic approach, are corroborated

by the direct measurements of growth from reciprocal

transplants between the two study sites. The direct growth

data show that, on average, anemones from ARP are larger

than those from GRL, and that anemones transplanted

from GRL to ARP grow faster. These data support the

hypothesis that water flow, and thus the flux of seston, is

important when considering the secondary productivity

of these passive suspension feeders. Higher fluxes, how-

ever, do not always give positive results, as shown by the

recent work of Eckman and Duggins (1993), in which

benthic suspension feeders responded both positively and

negatively as flow increased. For anemones, the flux of

seston at each su. appears to support different levels of

secondary product! it\
, reflected in anemone numbers

and biomass, at each she. Within each site, however, ane-

mones maintain positive SFG into the summer, have

similar biochemical compositions, and show tissue energy

contents comparable to those of well-fed Anthopleura ele-

gantissima (-23.4 kJg~' organic mass, Shick, 1991). It

appears that, for these sites, flux of seston is an important

variable regulating secondary productivity and physio-

logical performance.

Significant differences in SFG between onshore and

offshore mussels are not supported by the shell growth

data, which are not significantly different between sites.

The trend in mussel controls and transplants, however,

suggests that shell growth may also be effected by differ-

ences in seston concentration. The mussel SFG data are

supported by examining the changes in dry tissue weights

in control and transplant mussels. Mussels have higher

mean dry tissue weights at GRL, which has a higher con-

centration of seston. Moreover, mussels transplanted to

GRL gain weight relative to ARP controls, and mussels

transplanted to ARP lose weight. The most reasonable

explanation for these changes is reflected in the SFG. The

specific reasons for allocating more energy to somatic tis-

sue growth than to shell growth are not discernible from

this work; but the condition index we used provided an-

other way of assessing the partitioning of energy in horse

mussels from GRL (Table III). These growth data rep-

resent the integrated organismal response to environmen-

tal changes over a year-long period not included in this

study. The use of scope for growth as an indicator of

growth itself has been evaluated for the American oyster,

Crassostrea virginica (Dame, 1972), and the blue mussel,

Mytilus edulis (Bayne and Worrall, 1980). The two-year

study by Bayne and Worrall (1980) revealed that physi-

ological estimations of growth agreed well with direct

measurements of tissue growth, as demonstrated in this

study.

How are these physiological responses to differences in

flow and seston availability reflected in the distribution

and abundance of these benthic suspension feeders? Dif-

ferences in population size distributions, due to changes

in physical factors (e.g., flow-induced biomechanical con-

straint on the size range of anemones), are probably of

minor importance at these sites (Sebens, 1984, 1987; Shick

etal. 1979), but total numbers and biomass (
= secondary

production) for anemones and mussels in 1989 and 1990

are different, with anemone densities higher at ARP and

mussel densities higher at GRL (Witman and Sebens,

1988; Witman, unpub.). We believe that this can be

partially explained by the differential response dem-

onstrated by anemones (passive suspension feeders) and

mussels (active suspension feeders) to flow and seston

concentration.

Flow regime alone, however, can influence the popu-

lation structure of these animals by its effects on organ-

ismal performance. Flow-modulated rates of metabolism

have been demonstrated in a number of marine organ-

isms, including M. senile, that are dependent on direct

gas exchange through their tissues (Patterson and Sebens,

1989; Patterson el al., 1991; Lesser et ai, 1994), and cer-

tainly influence the rates of food capture by Metridium

senile, a passive suspension feeder. Our results do not

show any evidence of flow-modulated respiration rates in



SCOPE FOR GROWTH OF SUSPENSION-FEEDING INVERTEBRATES 331



332 M. P. LESSER ET AL.

m

o



SCOPE FOR GROWTH OF SUSPENSION-FEEDING INVERTEBRATES 333

under changing environmental conditions is lacking, ex-

cept for scleractinian corals (Muscatine, 1990). We pro-

pose that for the suspension feeders examined in this

study, their physiological ecology and differences in func-

tional responses to flow and food availability are important

features influencing their distribution and abundance.

Acknowledgments

We thank numerous divers from Northeastern Uni-

versity, Marine Science Center, and the NURC-UNCW
Nitrox dive team, Steve Mastro, Ken Johns, and Lance

Horn. We are grateful to Sandy Shumway and Larry Har-

ris for constructive comments on earlier drafts of this

manuscript, and we owe a special thank-you to Bill Zamer
and Malcolm Shick for their extensive efforts to improve
this manuscript. This work was supported by the National

Oceanic and Atmospheric Administration University of

North Carolina (Wilmington), and by National Science

Foundation grant OCE-8800640 to JDW. This is Bigelow

Laboratory for Ocean Science contribution number
94004.

Literature Cited

Bayne, B. L., and J. Widdows. 1978. The physiological ecology of two

populations of Myli/us edulis L. Oecologia 37: 137-162.

Bayne, B. L., and C. M. Worrall. 1980. Growth and production of

mussels. Mytiliis edulis from two populations. Mar Ecol. Prog. Ser.

3: 317-328.

Best, B. A. 1988. Passive suspension feeding in a sea pen: effects of

ambient flow on volume flow rate and filtering efficiency. Biol Bull

175: 332-342.

Buss, L. B.. and J. B. C. Jackson. 1981. Planktonic food availability

and suspension-feeder abundance: evidence of in situ depletion. J.

Exp. Mar Biol. Ecol, 49: 151-161.

Butman, C. A. 1986. Larval settlement of soft-sediment invertebrates:

some predictions based on an analysis of near-bottom velocity profiles.

Pp. 487-5 1 3 in Marine Interfaces: Ecohydrodynainics, J. C. J. Nihoul.

ed. Elsevier Oceanography Series 42. Amsterdam.

Cahalan, J. A., S. E. Siddall, and M. W. Luckenbach. 1989. Effects

of How velocity, food concentration and particle flux on growth rates

ofjuvenile bay scallops A rgopecten irradians. J. Exp. Mar Biol. Ecol.

129:45-60.

Clarke, B. C., and C. L. Griffiths. 1990. Ecological energetics of mussels

Choromytilus meridionalis under simulated rock pool conditions. J.

Exp Mar Biol Ecol. 137: 63-77.

Conover, R. J. 1966. Assimilation of organic matter by zooplankton.

Limnol. Oceanogr 11: 338-345.

Crosby, M. P., and L. D. Gale. 1990. A review and evaluation of bivalve

condition index methodologies with a suggested standard method.

/ Shellfish Res 9: 233-237.

Dame, R. F. 1972. The ecological energetics of growth, respiration and

assimilation in the intertidal American oyster. Crassostrea virginica.

Mar Biol 17: 243-250.

Duggins, D. O., C. A. Simenstad, and J. A. Estes. 1989. Magnification

of secondary production by kelp detritus in coastal marine ecosystems.

Science IAS: 170-173.

Eckman, J. E., and D. O. Duggins. 1993. Effects of flow speed on

growth of benthic suspension feeders. Biol. Bull 185: 28-41.

Elliott, J. M.. and \V '. Davison. 1975. Energy equivalents of oxygen

consumption in animal energetics. Oecologia 19: 195-201.

Fielding, P. J., and C. I,. Davis. 1989. Carbon and nitrogen resources

available to kelp bed filter feeders in an upwelling environment. Mar.

Ecol. Prog. Ser. 55: 181-189.

Frechette, M., and E. Bourget. 1985a. Energy flow between the pelagic

and benthic zones: factors controlling paniculate organic matter

available to an intertidal mussel bed. Can. J. Fish. Aquat. Sci. 42:

1158-1165.

Frechette, M., and E. Bourget. 1985b. Food-limited growth of Myliliis

edulis L. in relation to the benthic boundary layer. Can. J. Fish.

Aquat. Sci. 42: 1 166-1 170.

Frechette, M., and D. Lefaivre. 1990. Discriminating between food

and space limitation in benthic suspension feeders using self-thinning

relationships. Mar. Ecol. Prog. Ser. 65: 15-23.

Genin, A., P. K. Dayton, P. F. Lonsdale, and F. N. Spiess. 1986. Corals

on seamount peaks provide evidence of current acceleration over

deep-sea topography. Nature 322: 59-61.

( . lum. P. \V. 1973. Ecology of a Caribbean coral reef. The Porites reef

flat biotype: Part II. Plankton community with evidence for depletion.

Mar Biol 22: 1-21.

Gnaiger, E. 1983. Calculation of energetic and biochemical equivalents

of respiratory oxygen consumption. Pp. 337-345 in Polarographic

Oxygen Sensors: Aquatic and Physiological Applications, E. Gnaiger

and H. Forstner, eds. Springer-Verlag, Berlin and Heidelberg.

Gnaiger, E., and G. Bitterlich. 1984. Proximate biochemical compo-
sition and caloric content calculated from elemental CHN analysis:

a stoichiometric concept. Oecologia (Berlin) 62: 289-298.

Graf, G. 1989. Benthic-pelagic coupling in a deep-sea community. Na-

lure 341: 437-439.

Graf, G., VV. Bengtsson, L'. Diesner, R. Schulz, and H. Theede.

1982. Benthic response to sedimentation of a spring phytoplankton

bloom: process and budget. Mar. Biol 67: 201-208.

Graf, G., R. Schulz, R. Peinert, and L.-A. Meyer-Reil. 1983. Benthic

response to sedimentation events during autumn to spring at a shal-

low-water station in the western Kiel Bight. I. Analysis of processes

on a community level. Mar. Biol. 77: 235-246.

Grant, J., and P. J. Cranford. 1991. Carbon and nitrogen scope for

growth as a function of diet in the sea scallop Placopecten magellan-

icus. J. Mar. Biol. Ass. L'. A 71: 437-450.

Griffiths, C. L., and R. J. Griffiths. 1987. Bivalvia. Chapter 1 in Animal

Energetics. Vol 2., T. J. Pandian and F. J. Vernberg. eds. Academic-

Press, New York.

Grizzle, R. E., and R. A. Lutz. 1988. A statistical model relating hor-

izontal seston fluxes and bottom sediment characteristics to growth

of Mercenaria mercenaria. Mar. Biol. 102: 95-105.

Grizzle, R. E., R. Langan, and \\ . H. Flowell. 1992. Growth responses

of suspension-feeding bivalve molluscs to changes in water flow: dif-

ferences between siphonate and nonsiphonate taxa. J. Exp. Mar
Biol. Ecol. 162:213-228.

I ,inik\ R., and C. S. Yentsch. 1988. Internal waves, primary production

and the compensation depth of marine phytoplankton. / Plank. Res

10:565-571.

Lesser, M. P., V. M. \Veis, M. R. Patterson, and P. L. Jokiel.

1994. Effects of morphology and water motion on carbon delivery

and productivity in the reef coral, Pocillopora damicomis (Linnaeus):

diffusion barriers, inorganic carbon limitation, and biochemical plas-

ticity. J Exp. Mar. Biol Ecol 178: 153-179.

La Violette, P. E., D. R. Johnson, and D. A. Brooks. 1990. Sun-glitter

photographs of Georges Bank and the Gulf of Maine from the space

shuttle. Oceanography 3: 43-49.

MacDonald. B. A., and R. J. Thompson. 1986. Influence of temperature

and food availability on the ecological energetics of the giant scallop

Placopecten magellanicus Mar Biol 93: 37-48.



334 M. P. LESSER ET AL

Mayzaud, P., and R. J. Conovcr. 1988. O:N atomic ratio as a tool to

describe zooplankton metabolism. Mar Ecol. Prog. Ser. 45: 289-

302.

Morrison, M., and D. W. Townsend. 1988. Hydrography and Vertical

Plankton Distributions in Relation to Submerged Rock Pinnacle-, in

the Gull of Maine June, /y.S'.V. Bigelow Laboratory forOcean Sciences,

Technical Report No. 66. 76 pp.

Muscatine, \.. 1990. The role of symbiotic algae in carbon and energy

flow in reef corals. Pp. 75-87 in Ecosystems of Ilie World. Coral

Reels. Z. Dubinsky, ed. Elsevier, Amsterdam.

Navarro, J. 1990. Influence n/'ihe Natural Food Supply on the Phys-

iological l:iicrt!clic\ and liiodiemuul Storage Cycles of the Horse

Mussel. Modiolus modiolus (Linnaeus). Ph.D. Dissertation. De-

partment of Biology, Memorial University of Newfoundland. 127

pp.

Navarro, J., and R. J. Thompson. 199-1. Comparison and evaluation

of different techniques for measuring absorption efficiency in sus-

pension feeders. Lnnnol, Oceanogr. 39: 159-164.

Newell, R. C. 1980. The maintenance of energy balance in marine

invertebrates exposed to changes in environmental temperature. Pp.

561-582 in Animals anil Environmental Fitness. R. Gilles. ed. Per-

gamon Press. New York.

Ojeda, F. P., and J. II. Dearborn. 1989. Community structure of mac-

roinvertehrates inhabiting the rocky subtidal zone in the Gulf of

Maine: seasonal and bath\ metric distribution. Mar. Ecol. Prog. Ser

57: 147-161.

Packard. G. C., and I. .1. Boardman. 1988. The misuse of ratios, indices,

and percentages in ecophysiological research. P/iysiol. Zool. 61: 1-9.

Page, H. M., and V. O. Ricard. 1990. Food availability as a limiting

factor to mussel Mytilus ediilis growth in California coastal waters.

Fish Bull 88: 677-686.

Patterson, M. R. 199la. Passive suspension feeding by an octocoral

in plankton patches: empirical test of a mathematical model. Biol

Hull 180: 81-92.

Patterson, M. R. 1991b. The effects of flow on polyp-level prey capture

in an octocoral. Alcyomiim sulenum Biol Bull 180:93-102.

Patterson, M. R. 1992. A mass transfer explanation of metabolic scaling

relations in some aquatic invertebrates and algae. Science 255: 1421-

1423.

Patterson, M. R., and K. P. Sebens. 1989. Forced convection modulates

gas exchange in cnidarians. Proc \all. Acad Sci. L'SA 86: 8833-

8836.

Patterson, M. R., K. P. Sebens, and R. R. Olson. 1991. //; situ mea-

surements of flow effects on primary production and dark respiration

in reef corals. Lininol. Oceanogr. 36: 936-948.

Peterson, C. H., and R. Black. 1987. Resource depletion by active

suspension feeders on tidal flats: influence of local density and tidal

elevation. Limnol. Oceanogr. 32: 143-166.

Russell-Hunter, W. D. 1970. Aquatic Productivity: an Introduction to

Some Ha\n Aspects ot Biological Oceanography and Limnology
Collier-MacMillan. London.

Salonen, K., J. Sa^\ala, I. Makala. and M. \ iljanen. 1976. The relation

of energy and mic carbon in aquatic invertebrates. Limnol

Oceanogr 21: 7:

Sebens, K. P. 1981. ; allometry of feeding, energetics, and body
size in three sea anemone species. Biol. Bull 161: 152-171.

Sebens, K. P. 1984. Water How and coral colony size: interhabitat

comparisons of the octocoral . IA.i -oniitm siderium. Proc Null Acad
Set. i'SA 81: 5473-5477.

Sebens, K. P. 1985, The ecology of the rocks suhtidal zone. Am Sci-

entist. 73: 548-557.

Sebens, K. P. 1986. Community ecology of vertical rock walls in the

Gulf of Maine. LISA: small-scale processes and alternate community
states. Chapter 23 in The Ecology ol Rocky (_ 'oa.st.s. P. G. Moore and

R. Seed, eds. Hodder and Stoughton Educational Press. Kent,

England.

Sebens. K. P. 1987. The ecology of indeterminate growth in animals.

Annu. Rev. Ecol Syst 18: 371-407.

Sebens, K. P., and M. A. R. Koehl. 1984. Predation on zooplankton

by the benthic anthozoans Alcyonium siderium (Alcyonacea) and

Metridium senile (Actinana) in the New England subtidal. Mar. Biol.

81:255-271.

Seiderer, 1,. J., and R. C. Newell. 1985. Relative significance of phy-

toplankton, bacteria and plant detritus as carbon and nitrogen re-

sources for the kelp bed filter-feeder Clioromytilii.s mendionalis. Mar.

Ecol. Prog. Ser 22: 127-139.

Shick, J. M. 1991 . A Functional Biology ofSea Anemones. Chapman
and Hall. London. 395 pp.

Shick, J. M., R. J. I I..HIII.IM. and A. N. Lamb. 1979. Asexual repro-

duction, population structure, and genotype-environment interactions

in sea anemones. Am. Zool 19: 699-713.

Shick, J. M., J. Widdows, and E. Gnaiger. 1988. Calorimeiric studies

of behavior, metabolism and energetics of sessile mtertidal animals.

Am. Zool 28: 161-181.

Solorzano, L. 1969. Determination of ammonia in natural waters by

the phenol-hypochlorite method. Limnol. Oceanogr 14: 799-801.

Stuart, V., and D. \V. klumpp. 1984. Evidence for food-resource par-

titioning by kelp-bed filter feeders. Mar. Ecol. Prog. Ser. 16: 27-37.

Szmant, A. M., L. M. Ferrer, and L. M. Fitzgerald. 1990. Nitrogen

excretion and O:N ratios in reef corals: evidence for conservation of

nitrogen Mar Biol 104: 119-127.

Thompson. R. J. 1984. The reproductive cycle and physiological ecology

of the mussel Myti/tts edulis in a subarctic, non-estuanne environ-

ment. Mar Biol 79: 277-288.

Thresher, R. E., G. P. Harris, J. S. Gunn, and I. A. Clementson.

1989. Phytoplankton production pulses and episodic settlement of

a temperate marine fish. Nature 341: 641-643.

Townsend, D. W., and L. M. Cammen. 1985. A deep protozoan max-

imum in the Gulf of Maine. Mar. Ecol. Prog. Ser 24: 177-182.

Townsend, D. W., and L. M. Cammen. 1988. Potential importance of

the timing of spring plankton blooms to benthic-pelagic coupling

and recruitment of juvenile demersal fishes. Biol. Oceanogr. 5: 215-

229.

Townsend, D. W., and R. \V. Spinrad. 1986. Early spring phytoplankton

blooms in the Gulf of Maine. Com Shell Res 6: 515-529.

Townsend, D. \\ '., C. M. Yentsch, C. E. Parker, W. M. Balch, and

E. D. True. 1983. An island mixing effect in the coastal Gulf of

Maine. He/golander Meeresitnters 36: 347-356.

Townsend, D. W., I . L. Cucci, and T. Berman. 1984. Subsurface chlo-

rophyll maxima and the vertical distribution of zooplankton in the

Gulf of Maine. ./ Plankton Res 6: 793-802.

Vogcl, S., and M. I.aBarbera. 1978. Simple flow tanks for research

and teaching. BioScience 10: 638-643.

Widdows, J., and D. Johnson. 1988. Physiological energetics of Mytiliis

ediilis scope for growth. Mar. Ecol. Prog. Ser 46: 113-121.

Wilbur, A. E., and T. J. Hilbish. 1989. Physiological energetics of the

ribbed mussel Geukensia demissa (Dillwyn) in response to increased

temperature. J E.\p Mar Biol. Ecol 131: 161-170.

Wildish, 1). J., and M. P. Miyares. 1990. Filtration rate of blue mussels

as a function of flow velocity: preliminary experiments. J Exp. Mar.

Biol. Ecol. 142:213-219.

Wildish, D. J., D. D. Kristmanson, R. L. Hoar, A. M. DeCoste, S.

McCormick, and A. W. White. 1987. Giant scallop feeding and

growth responses to flow. J. Exp. Mar. Biol Ecol. 113: 207-220.

Winter, J. E. 1969. Uberden EintluBder Nahrungskonzentration und

anderer Faktoren auf Filtnerleistung und Nahrungsausnutzung der

Muscheln Arelica islandica und Modiolus modiolus Mar. Biol 4:

87-135.



SCOPE FOR GROWTH OF SUSPENSION-FEEDING INVERTEBRATES 335

Winter, .J. E. 1978. A review of the knowledge of suspension-feeding

in lamellibranchiate bivalves, with special reference to artificial aqua-

culture systems. Aquacullure 13: 1-33.

\\itman, J. D., and R. A. Cooper. 1983. Disturbance and contrasting

patterns of population structure in the brachiopod Terehratulina

seplenlrionalis from two subtidal habitats. J. E\p. Mar Bio/ Ecol

73: 57-79.

\Vitman, J. D. 1985. Refuges, biological disturbance, and rocky subtidal

community structure in New England. Ecol. Monogr. 55: 421-445.

\\ ilman. J. D. 1987. Subtidal coexistence: storms, grazing, mutualism,

and the zonation of kelp and mussels. Ecol. Monogr. 57: 167-187.

\\ ilman. J. D., and K. P. Sebens. 1988. Benthic community structure

at a subtidal rock pinnacle in the central Gulf of Maine. National

Undersea Research Program Research Report, 88-3, pp. 67-104.

Witman, J. D., and K. P. Sebens. 1990. Distribution and ecology of

sponges at a subtidal rock ledge in the central Gulf of Maine. Pp.

391-396 in New Perspectives in Sponge Biology. K.. Rutzler, ed.

Smithsonian Institution Press, Washington, DC.

\\itman, J. D., J. J. l.eichter, S. J. Genovese, and D. A. Brooks.

1993. Pulsed phytoplankton supply to the rocky subtidal zone: in-

fluence of internal waves. Proc Nail. Acad. Sci. USA 90: 1686-1690.

Yentsch, C. S., W. Skea, J. C. l.aird, and T. S. Hopkins. 1979. Ocean

color observations. Pp. 441-454 in Apollo-Soyuz Test Pro/eel. Sum-

mary Science Report, Vol. II. F. El-Baz and D. M. Warner, eds.

NASA.

Yentsch, C. S., and N. Garfield. 1981. Principal areas of vertical mixing
in the waters of the Gulf of Maine with reference to total productivity

of the area. Pp. 303-312 in Oceanography from Space. J. F. R. Gower.

ed. Plenum Press. New York.

Zamer, \V. E., and C. P. Mangum. 1979. Irreversible nongenetic tem-

perature adaptation of oxygen uptake in clones of the sea anemone

Haliplanella hiciac (Verrill). Bioi Bull. 157: 536-547.

Zamer, \V. K., and J. M. Shick. 1987. Physiological energetics of the

intertidal sea anemone Anlhoplcura elegantissima II. Energy balance.

Mar. Bwl. 93:481-491.

Zamer, \V. E., and J. M. Shick. 1989. Physiological energetics of the

intertidal sea anemone Anlhoplcura elegantissima. III. Biochemical

composition of body tissues, substrate-specific absorption, and carbon

and nitrogen budgets. Oecologia (Berlin) 79: 1 17-127.

Zamer, VV. E., R. E. Robbins, and J. M. Shick. 1987. 0-Glucuronidase

activity and detritus utilization in the sea anemones Ktetriciium senile

and Anthopleura elegantissima Camp. Biochem. Phvsiol 87B: 303-

308.



Reference: Biol. Bull. 187: 336-345. (December, 1994)

Dispersal Strategies of the Biota on an Oceanic

Seamount: Implications for Ecology and Biogeography

TERRY PARKER AND VERENA TUNNICLIFFE*

School ofEarth and Ocean Sciences and Department of Biology, University of Victoria,

Victoria, British Columbia, Canada V8W 2Y2

Abstract. Cobb Seamount lies at 46 46' N, 1 30 48' W
in the northeast Pacific 510 km due west of the Oregon

coast. The isolated seamount rises 3000 m in a current

field flowing from west to east. The seamount supports

dense populations of fish and benthos. Collections and

submersible observations of the benthic community pro-

duced a list of 1 17 species representing 13 phyla. The

organisms present can nearly all be found on the North

American Pacific coast, but the diversity is low. This paper

presents an analysis of the larval dispersal modes of the

benthos at Cobb Seamount. This remote seamount is

dominated by species with either a short-lived or no

planktonic larval phase. The preponderance of such larval

strategies and the observation of abundant drifting kelp

near the seamount suggest that rafting of adults may be

an effective dispersal mode. The presence ofa recirculating

flow in the form of a modified Taylor cap appears im-

portant for trapping short-lived larvae on the seamount.

However, because the water mass is replaced about every

17 days, medium and long-lived larvae would not be re-

tained. The interplay between local currents, available

dispersal vectors, and life-history strategies cannot be

overlooked in the interpretation of marine biogeographic

patterns.

Introduction

The study of marine biogeography requires an appre-

ciation of the dispersal capabilities of component species

at various stages in their life histories. Recognition of vi-

cariant events can reveal large-scale patterns, but differ-

ential dispersal capabilities among species modify those

patterns. Investigations of species accumulation on the

Received 17 December 1993; accepted 31 August 1994.
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marine equivalent of islands seamounts test our ideas

about mechanisms of biogeographic patterning. Sea-

mounts have been considered as stepping stones, vicariant

pathways, and points of endemic isolation (Hubbs, 1959;

Briggs, 1974; Wilson and Kaufmann, 1987; Leal and

Bouchet, 1991).

Marine invertebrates show various development pat-

terns ranging from metamorphosed juveniles emerging

directly from broods through yolk-supported (lecitho-

trophic) floating larvae to plankton-feeding (plankto-

trophic) larvae (see reviews by Mileikovsky, 1971; Gra-

hame and Branch, 1985; Scheltema, 1986b). In some

clades, taxa are constrained to a single developmental

mode (Woollacott and Zimmer, 1978; Nielson, 1980); in

others, life history strategies vary within a given family

(Hadfield and Strathmann, 1990), genus (Johannesson,

1988), or even species (Levin, 1984). Planktonic larvae

are considered the primary dispersal mechanism for

benthic marine invertebrates (Mileikovsky, 197 1 ; Jackson,

1986). Longer planktonic duration should allow for

greater dispersal of larvae (Zinsmeister and Emerson,

1979; Scheltema 1986a, b). Prevailing theory predicts that

species with long-lived planktonic larvae will have broader

geographic ranges, whereas those with short-lived or

brooded larvae will be geographically restricted (Milei-

kovsky, 1971;Hedgecock, 1986; Scheltema, 1986b, 1989)

but better able to capitalize on favorable local environ-

ments (Jackson, 1986; Keogh and Chernoff, 1987).

Johannesson (1988) suggested that isolated islands and

seamounts are more likely to be populated by species with

limited larval dispersal abilities on the basis that a founder

population can achieve reproductive success. Some ob-

servations of species with limited larval range in isolated

marine habitats support this idea (Birkeland, 1971; Moore,

1977; Johannesson, 1988).

336
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Cobb Seamount presents the opportunity to examine

concepts of larval dispersal capabilities and biogeography.

It lies far enough offshore to provide a habitat disjunct

from coastal communities but close enough that larvae

could be expected to gain access with some regularity.

The seamount (46 46' N, 130 47' W) is located in the

northeast Pacific, 510 km due west of the Oregon (USA)
coast (Fig. 1 ). Early surveys (Budinger and Enbysk, 1960;

Budinger. 1967) described a symmetrical seamount with

several terraces and a central pinnacle measuring about

800 by 600 m. Our surveys record a shallowest depth of

24 m. Cobb was formed near the Juan de Fuca Ridge as

part of the Cobb-Eickelberg Seamount chain (Davis and

Karsten, 1986). Summit lavas were eruptive during the

Pleistocene; samples date to 1.6 0.3 million years ago

(Dymond el ai, 1968). Farrow and Durant (1985) inter-

pret submarine erosional features as stages in island sub-

sidence and sea-level fluctuation. Beach characteristics are

noted as deep as 310 m and may relate to the volcano's

initial emergence. Low sea-level stands during the Wis-

consin glacial period generated the large wave-cut terrace

at 120- 180m.

Predominant flow is eastward at about 10 cm s~' in the

North Pacific Current which, in the vicinity of Cobb, splits

into the northward Alaska Current and the southward

California Current (Hickey, 1989). Well-defined surface

currents from the coast offshore do not exist. Surface

drifters released near Cobb move linearly from northwest

to southeast and do not reflect deeper eddying or circu-

lation (Dower el ai, 1992). A recent study documents the

surface drift and flow around Cobb in more detail (Free-

land, 1 994). Early work by Birkeland (1971) reports dense

assemblages of coastal species that include several brood-

ers; many abundant inshore species are absent. In view

of our diving experience on Cobb, we wondered how any

population dependent on pelagic larvae could maintain

itself: the open ocean surge is extreme and the persistent

surface currents are likely to sweep propagules offthe sea-

mount.

Our study has three objectives: ( 1 ) to document the

Cobb Seamount benthic community components, (2) to

assess how these species may have arrived on the sea-

mount, and (3) to examine the potential for development
of stable populations in light of information from con-

current studies on the hydrodynamic processes around

Cobb Seamount.

Materials and Methods

We examined the Cobb benthos during several cruises

as part of a larger effort to characterize the oceanographic

conditions around the seamount. The submersible support

vessel Pandora II visited twice in the early 1980s and the

Canadian Survey Ships Pari:eau and /. P. Tully partici-

180'E I6B'U 140'U 120'U

Figure 1. Location of Cobb Seamounl in the northeast Pacific. Ar-

rows indicate the major current patterns: SaC = Subarctic Current; AC
= Alaska Current; NPC = North Pacific Current; CC = California Cur-

rent; DC = the ephemeral Davidson Current.

pated in an oceanographic program in the summers from

1990 to 1992. The Canadian submersible Pisces II 'con-

ducted six dives in July 1982 and one dive in 1983; four

of these dives covered parts of the terrace or pinnacle,

and the other three were deeper. Collection was possible

with the manipulator, which retrieved some voucher

specimens. Most dive information came from still-camera

photographs and diver records from which only organisms
that were clearly identifiable were used. Dredging was at-

tempted during surface cruises of 1990 and 1991, but the

recovery was poor on the rock outcrops. Best returns from

the pinnacle came from examination of the epifauna on

detached rock scallops (Crassadoma gigantea). The pin-

nacle top was nearly impossible to sample because of the

wave surge during diving and the lack of loose aggregates

for dredging. Some algal and epifloral samples were re-

trieved on fishing lines. The most complete collection and

identification information came from the benthic assem-

blage on the upper terrace and pinnacle. For that reason,

we limit our presentation and analysis to species recorded

above 180 m depth.

To identify invertebrates from the 1990 and 1991 sam-

ples we used Kozloff (1987), with reference to Bernard

( 1 972), Lambert (1981, 1986), and Laubitz ( 1 970) for the

Brachiopoda, Echinodermata, and caprellid amphipods

respectively. We used Hatch (1947) for the tanaids and

isopods, and Gabrielson el ai (1989) for the algae. Local

authorities helped us with many identifications. We added

additional species documented in Birkeland (1971) and

a list offish species compiled by D. Nelson (unpub. data)

to produce the final species listing.

The literature provided information on propagule dis-

persal periods of the seamount species. Although our ef-

forts focused on individual species, assumptions were

made for species within groups known to have invariant
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dispersal modes. Species with crawl-away juveniles re-

leased from the adult or a benthic egg case form the "direct

release" category. Species with pelagic larvae were cate-

gorized according to the length of time the larvae remain

in the water column: less than 2 weeks = "short pelagic":

more than 2 but less than 8 weeks = "medium pelagic";

and more than 8 weeks =
"long pelagic." Those species

for which no information was available were left in an

"unknown" category.

We constructed the expected distributions for larval

dispersal modes of the benthic invertebrates from pub-

lished information. Thorson (1961) presented the larval

life spans of 195 species (no geographic range identified),

which we redistributed in the time categories used in this

paper. To add the category of nonpelagic development,

we used the values of Thorson (1950) and Mileikovsky

(1971); these numbers differ so we calculated the range

of expected development types. Because many benthic

invertebrates exhibit a latitudinal gradient in ratio of direct

to pelagic developers (Thorson, 1950, 1961; Mileikovsky,

1971; Valentine and Jablonski, 1983), we used literature

data only from Cobb's approximate latitude (38 N to

51 N). We restricted our final analysis to the benthic

invertebrates because ( 1 ) a good body of theoretical and

empirical work exists for comparison in this group, and

(2) adult fish mobility may provide a source of migration

unavailable to other organisms.

Results

The shallow Cobb community

The pinnacle top appears much as described by Birke-

land (1971) who explored with scuba divers. The substra-

tum is covered with coralline algae topped by patches of

other algae (mostly Desmarestia viridis). Rock scallops

(Crassadoma gigantea) with abundant epifauna inhabit

cracks in the basalt. The sides of the pinnacle from 35 to

110m support the densest aggregations of animals: little

bare substratum is seen. A hummocky effect was created

by the cementing scallops that are colonized by cnidarians

(mostly Corynactis californica), tunicates, sponges, and

bryozoans. Aggregations of the urchin Strongylocentrotus

franciscanus are common at the shallower depths. Rock-

fish (Sebastes spp.) are very abundant in the water, with

pelagic juveniles forming large schools.

The terrace at 125 to 300 m is mostly covered with

white carbonate sediments through which some basalt

outcrops protrude. Here echinoderms dominate the mac-

rofauna. The crinoid Florometra serratissima and a va-

riety of ophiuroids cover both sediments and outcrops.

The asteroids Pycnopodia heliunthoides and Crossaster

papposus are common predators. Sediment samples re-

covered many gastropods and hermit crabs. Biomass on

both pinnacle and terrace appears high. Comparison of

the species list and photographs (from the University of

Washington collection) of Birkeland (1971) with photo-

graphs and observations from 1982/83 and the samples

of 1990/91 reveals little change in the composition of

common and abundant species. There appear to have been

outbreaks of the anenome Metridium senile and the sea

urchin Strongylocentrotus franciscanus, but the overall

species composition seems stable.

Table I lists the species known to occur at Cobb Sea-

mount above 180 m. In total, 1 17 species from 13 phyla

have been identified to date. Several species of nematodes,

protozoa, and polychaetes remain unidentified and are

not included. The fauna is depauperate compared to the

coastal communities of the northeast Pacific. For example,

a count of the benthic invertebrates (0 to 250 m) in a

preliminary list of animals from the west coast of Van-

couver Island (Austin, 1970) reaches 786 using only

the phyla found on Cobb, where the equivalent number

is 95.

Methods ofpropagule dispersal

For 26 of the 1 17 Cobb species (22.2%), dispersal data

are unavailable or cannot be inferred; 26.5% release their

juveniles directly onto the substratum; and 37.6%- have

propagules in the short pelagic category. Although this

category includes species whose larvae spend up to 2 weeks

in the plankton, the larvae of most of the species remain

pelagic for a few days to just minutes. Species belonging

to the medium and long pelagic larval dispersal groups

each make up 6.8%- of all Cobb species.

Figure 2A illustrates the distribution of propagule dis-

persal types recorded for the benthic invertebrates ofCobb

Seamount. Among the 95 species, 31.6%. are direct re-

leasers and 32.6% belong to the short pelagic group. Me-

dium and long pelagic larval dispersal groups make up
8.4% and 4.2% of all species respectively. Larval dispersal

methods of 25.3% of Cobb invertebrate species remain

unknown. Of the 12 species we classified as abundant

(Table I), 8 have no planktonic larval phase, 2 are short

pelagic, and 2 are long pelagic; no abundant species have

a medium-length pelagic larval dispersal phase.

The calculated expected distribution of larval dispersal

types for benthic marine invertebrates at the approximate

latitude ofCobb Seamount is presented in Figure 2B. The

ranges of values observed for this latitude are as follows:

direct release. 26.0-36.5%.; short pelagic, 9.5-1 1.1%; me-

dium pelagic, 45.1-52.5%; long pelagic, 8.9-10.4%. No

comparable "expected" data set exists for the Pacific

northwest. We searched for information on polychaete

reproduction from Strathmann (1987) and references

therein because this group shows the whole range of re-

productive strategies. For 46 coastal species, division of

larval lifetimes were 13 direct, 8 short, 23 medium, and

2 long pelagic.
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Table I

Systematic listing ofspecies known to occur on Cohb Scamounl. indicating relative abundance (for those identifiedfrom IWO and 1991

collections), dispersal method, source ofspecies identification, and references concerning dispersal method
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direct short medium long

Mode of Larval Dispersal

unknown

direct short medium long

Mode of Larval Dispersal

Figure 2. (a) Distribution of larval development modes lor the in-

vertebrate species of Cobb Seamount. This presentation represents 95

invertebrate species. Details are given in Table I. Direct =
species that

have no pelagic stage; short =
species with larvae pelagic for 2 weeks or

less; medium =
species with larvae that spend 2 to 8 weeks in the plank-

ton; long
=

species with larvae that are pelagic for longer than 8 weeks.

Above the columns are the numbers of invertebrates included, (b) Ex-

pected distributions of larval development modes for benthic invertebrates

around the latitude of Cobb Seamount; values generated from Thorson

(1950, 1961) and Mileikovsky (1961) as explained in the text. Because

these authors give different values for the proportion of species that are

direct releasers, we present a distribution with a maximum value for

direct release (black) and one using a minimum value (pattern).

ways and individual adult migration. The nearest sea-

mounts have summits below 500 m; only Union Sea-

mount, 370 km north-north-west, is shallower.

We believe present dispersal does play a major role. All

but four undescribed amphipod species are found on the

North American coast; several have wider distributions.

The seamount sits at the divergence of an eastward flow

field; flow further east splits into the Alaskan and Cali-

fornia Currents. Two seasonal currents, shallow Davidson

and deep California Undercurrent, flow poleward from

California hugging the coast (Hickey, 1989). Stray jets

may extend offshore occasionally, but even a 15 cm s~'

current will take some 6 weeks to carry a larva from the

coast. Medium- and short-duration larvae from sur-

rounding continents are unlikely to survive the trip to

Cobb. There are no other shallow seamounts nearby. The
Alaskan gyre could bring long-lived larvae over thousands

of kilometers from Alaska. Species with larvae of long

planktonic duration may arrive from Alaska, the Pacific

Northwest, California, or even Japan. The rock scallop

Crassadoma gigantea was examined by protein electro-

phoresis for evidence of population differentiation be-

tween Cobb and British Columbia. Allozyme frequencies

of several loci revealed no significant differences diagnostic

of isolated populations (Dower and Tunnicliffe, unpub.

data). This scallop releases pelagic larvae that are viable

for several weeks. It is also noteworthy that, of the eight

species with long pelagic dispersal, all but one have long

adult lifespans (20 years or longer). Such populations have

the potential to survive between infrequent recruitment

events.

Johannesson ( 1988) predicts the result that we present:

a paucity of species with longer pelagic larvae on Cobb
Seamount. He proposes that successful colonization of

isolated areas is enhanced by limited off-site advection of

the founder population's progeny. His model emphasizes

the role of dispersal agents in medium latitude oceans.

He states, in fact, that presence of a species with a longer-

lived larva on a place like Cobb Seamount is more prob-

lematic than that of a direct-developer.

Kelp is often observed floating near and over Cobb

Seamount, although these macroalgae do not grow there.

The large kelp forests of the west coast of North America

support a rich, dense fauna. Because of considerable hy-

drodynamic drag, large kelps often break free (Koehl and

Wainwright, 1977) and the associated epiphytic species

may linger for over 100 days (Vasquez. 1993). Floating

kelp rafts move with the surface winds rather than with

prevailing current; they can travel at averaged speeds of

5 to 10 cms ' and instantaneous speeds to 65 cm s~'

(Harrold and Lisin, 1989). Winds from the southwest

could carry kelp from the California coast during the win-

ter domination of the Aleutian low-pressure cell. Kelp
rafts may provide a significant migration vector for meta-

morphosed invertebrates regardless of their larval devel-

opment mode (Knox, 1954; Highsmith, 1985; Johannes-

son. 1988; Lane el al. 1985;S6rlin, 1988;O'Foighil, 1989;

Martel and Chia, 1991). Most epifaunal species listed in

Table 1 can be found in kelp forests. Several, such as

Strongylocentrotus franciscanus, Acmaea instabilis. and

the Calliostoma species, are rarely found elsewhere. Given

that rafts can deliver juveniles and adults to an isolated

site, those species with brooded and short-lived larvae may
be superior colonizers through subsequent local recruit-

ment (Jackson, 1986; Keough and Chernoff, 1987) and

adaptation (Behrens Yamada, 1989). In some cases, spe-
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cies with short or no planktonic larval periods have wider

geographic ranges than those with longer larval periods

(Levin, 1984; Johannesson, 1988; OToighil, 1989).

In both the early and late 1980s, we collected many of

the species recorded by Birkeland (1971) in the 1960s.

Persistent populations must propagate locally or have a

constant recruitment. Direct-release species have little

opportunity to spread further. Although we have not ex-

amined genetic characteristics in such species, population

differentiation is demonstrated for two species of brooding
crustaceans on two other isolated seamounts (Bucklin et

ai. 1987; Wilson and Boehlert, 1993). Four ofour direct-

release amphipod species are new species or subspecies

(Bousefield, pers. comm.). This feature argues for the per-

sistence of isolated populations on Cobb Seamount.

A look at the local flow regime helps to explain the

preponderance of species with larvae that are pelagic for

2 weeks or less. Dispersal in species with short-lived larvae

is affected by water-flow patterns in a highly deterministic

fashion (Olson, 1985; Bingham, 1992). Freeland (1994)

has demonstrated the presence ofa circulating flow around

Cobb Seamount. He models the conditions necessary for

formation of a "Taylor Proudman column" caused by

the displacement of a stratified, linear current flow in the

presence of the seamount (Hogg, 1973; Chapman and

Haidvogel, 1992). Freeland (1994) describes anticyclonic

flow around Cobb that is strongest near the base of the

water column; it extends about 100 m upwards but does

not penetrate to the surface. The lowest current meters

identify an outflow in the bottom Ekman layer. Freeland

estimates that the circulating water is replaced over about

17 days and forms a steady concentric inflow that would

effectively trap larvae. He concludes that the recirculation

is due primarily to a Taylor Proudman cap. Concentration

of plankton over such topographic features has been re-

corded (Boden, 1952; Genin and Boehlert, 1985) and a

recirculation mechanism implicated (Pingree and Mad-

dock, 1985; Boehlert, 1988; Dower et ai, 1992). There

is, therefore, a mechanism to retain larvae in our "short-

lived" group near the seamount until resettlement and

metamorphosis on the seamount can occur.

Recruitment to Cobb of many common species from

the North American west coast is limited by their inter-

mediate pelagic life span of 2 to 8 weeks. Fortuitous flow

events such as eddies and jets that break away from the

longshore flow (Hickey, 1989) may provide an occasional

transport vehicle toward Cobb. Regardless of their means

of arrival, populations established this way are liable to

lose their own progeny as a result of the short residence

time of water over their new domicile.

We found that classic theories of larval development

strategy did not help us to predict the types of species that

would accumulate on Cobb Seamount. Johannesson

(1988), among others, questions the generality of the rel-

ative effectiveness of long-lived pelagic larvae as dispersal

agents; our observations support his model. Species with

long pelagic larval periods appear able to establish pop-

ulations only if the species are long-lived as adults or the

current supplying the larvae is consistent; there were few

such species on Cobb. Most studies on teleplanic larvae

are based in tropical/subtropical latitudes (Scheltema,

1971, 1986b; Zinsmeister and Emerson, 1979) where di-

rect development and short-lived pelagic larvae are un-

common. In our case, the role of local flow around Cobb

Seamount is likely the leading factor determining the suc-

cess of species with different larval strategies. Although
we have no direct evidence, the role of rafting deserves

serious consideration. In considering biogeographic and

life-history theories, the marine biologist is well served by

an understanding of the regional history, physical dy-

namics, and biological characteristics ofthe system under

study.
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Abstract. Two lepadomorph barnacle species, Octolas-

mis angulata and O. cor, were commonly found living

together in the branchial chambers of the mangrove crab,

Scylla serrata. Patterns of distribution are a reflection of

cyprid choice at crab ecdysis. Among the 6648 barnacles

observed, there were roughly twice as many O. cor as O.

angulata (3670 to 1758). The remaining barnacles were

indistinguishable as to species and included 1014 im-

matures, 168 cyprids, and 38 peduncles. The spatial dis-

tributions of both O. angulata and O cor on the gills of

Scylla serrata are nonrandom, uneven, and do not reflect

available surface area. Both species are distributed differ-

ently on the hypobranchial (inside) and epibranchial

(outside) surfaces of the gills. Both species are distributed

differently on the gills of immature (<70 mm carapace

width) and mature (>70 mm) crabs. Our data also show

that the distribution patterns vary with different densities.

Support is presented for the hypothesis that current flow

through the gill chamber may be an important factor in-

fluencing site selection by cyprids.

Introduction

The goose barnacles of the genus Octolasmis that are

under study here are members of the Lepadomorpha
(Zevina, 1982), and they differ from other barnacles in

several important ways. Most of the species in the genus
Octolasmis are symbiotic on decapod Crustacea, partic-

ularly crabs and lobsters (Darwin, 1851; Walker, 1974;

Jeffries el ai, 1992). The integument of these hosts is an

ephemeral substrate for attached symbionts because at

ecdysis they are shed with the discarded exoskeleton

Received 20 December 1993; accepted 22 September 1994.
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(Coker, 1902; Humes, 1941; Jeffries et ai, 1985). Colo-

nization of newly molted crabs by octolasmid cyprids is

highly pulsed because cyprids gather on the premolt crab

and transfer from the old exuviae to the newly molted

crab at the time of ecdysis (Jeffries et ai, 1989). Thus,

cyprids colonizing crabs in this way may interact with

other cyprids, but there is no chance of their encountering

attached adult octolasmids on the recently molted crab.

Octolasmis cor (Aurivillius, 1892) and Octolasmis an-

gulata ( Aurivillius, 1 894) are inhabitants of the gill cham-

bers of numerous decapods found in the seas of South

East Asia (Jeffries, et al. 1982), and they are commonly
found together in the gill chambers of the mangrove crab,

Scylla serrata (Forskal, 1 755). The two species are distin-

guishable on the basis of differences in labrum tooth

counts; outline and size of the capitulum; size, shape, and

arrangement of the calcareous plates; and fecundity (Jef-

fries et al., 1991). The nauplius and cypris larvae of the

two species are now being compared, and the initial results

support the two-taxa hypothesis: e.g., the cypris larvae of

one species are larger than the other. To these observations

we now add new information concerning their relative

positions within the gill chambers.

Although the presence of diverse species within the gill

chambers of crabs has been documented (Coker, 1902;

Pearse, 1932, 1947; De Turk, 1940; Humes, 1941, 1942;

Walker, 1974; Lang, 1976; Overstreet, 1983; Shields,

1992), this is the first precise comparison of the distri-

bution of two related Octolasmis barnacle species in the

gill chambers of a single host crab species, S. serrata. As

a model system, it provides an excellent descriptive foun-

dation for future experimental study of such aspects of

symbiosis as site selection and competition for resources.

The purpose of this report is to describe and consider

the spatial distributions of octolasmid barnacles in the gill

346
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Table I

347

The distribution of 1758 O. angulata over /he inside (hypobmnchial) and outside (epibranclrial) surfaces oj the gills in 225 gill chambers of 143 S.

serrata (tap), and the distribution of3670 O. cor over the inside and outside surfaces ofthe gills in 346 gill chambers of 200 S. serrata (bottom)

Octolasmis angulata

Inside of gills Outside of gills

Gill Number
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crabs held barnacles. In fact, 61 of the 143 crabs had one

chamber that hosted no O. angidata. Thus, in this analysis

the O angidata distributed in 225 gill chambers of 143

crabs are being considered (Table I).

The distribution of O. angidata on the inside (hypo-

branchial) surface of gills 1 through 8 was compared to

distributions that reflect gill length and gill surface area

(Jeffries and Voris, 1983). The areas of the gills were es-

timated with the formula for the area of a right cone (a

=
Trrh). The observed distribution is significantly different

(Chi-square test, Mosteller and Rourke, 1973) from an

expected distribution based on the length of the gills (X
2

= 976.8, df = 7, P < .001) and the area of the gill surface

(X
2 = 649.3, df =

7, P < .001). For example, gills 4, 5,

and 6 are of similar length, and yet gill 6 harbors more

O. angidata than gills 4 and 5 combined.

By far, more of the O. angidata were attached to the

inside (hypobranchial) surface of the gills ( 1 267, 72%) than

were attached to the outside (epibranchial) surface (486,

28%).

The distribution of 0. angidata on the inside of gills 1

through 8 (gill totals. Table I) differs significantly from

the distribution on the outside of gills 1 through 8 (X
2

= 547.5, df =
14, P < .001). For example, the inside

surface of gill 7 has 40 percent (514) of all of the O. an-

gidata found on the inside surface of the gills, whereas

the outside surface of gill 7 has only 4.9% (21) of the O
angidata found on the outside (Fig. 1). Thus, the distri-

bution ofO. angidata on the inside gill surfaces is distinct

from its distribution over the outside gill surfaces.

The distributions ofO. angidata on the proximal, me-

dial, and distal surfaces of the inside of gills 1 through 8

differ from one another for all three comparisons (prox-

imal by medial, X
2 = 84.0, df =

14, P < .001; proximal

by distal, X 2 = 72.4, df =
14, P < .01 ). Thus, the distri-

bution of 0. angidata over the inside surface of the prox-

imal, medial, and distal regions of individual gills differs

from gill to gill. This is also true for the distribution over

the outside surfaces, although the numbers of barnacles

are smaller (Table I).

The totals of O. angidata on the inside surfaces of the

proximal (481), medial (684), and distal (102) regions of

gills 1 through 8 (Table I) differ from the totals for the

outside (X S0.8, df =
4, P < .001). For example, O.

angidata are common on the medial segments of

the inside surtu, F gills (684, 54%), whereas they are

most common on , oximal portion of the outside

surface of gills (284, 58%).

Analysis o/O. cor distribution

A total of 3670 O cor were observed on 200 Scylla

serrata, 93 females and 107 males. Of these, 1 27 harbored

one or more O angidata. Of the 200 crabs with O. cor.

GILL 1

GILL 2

GILL 7

50 40 30 20 10 10 20 30

PERCENT DISTRIBUTION OF O. ANGULATA

40

Figure 1. The percent distribution of 1267 Octolasmis angulata on

the inside (hypobranchial) surfaces and 486 on the outside (epibranchial)

surfaces of gills 1 through 8 in 225 gill chambers of 143 Scylla serrata

is presented.

54 crabs had one chamber that did not host any O. cor.

In this analysis, therefore, the O. cor distributed in 346

gill chambers of 200 crabs are considered (Table I).

The spatial distribution results for O. cor are similar

but not identical to those for O angulata.

The distribution of 0. cor on the inside surface of gills

1 through 8 (gill totals of O. cor) was compared to distri-

butions that reflect gill length and gill surface area. In

each case the observed distribution (Table I) was signifi-

cantly different from an expected distribution based on

gill length (X
2 = 1888.9, df =

7, P < .001) and area (X
2

= 1643, df = 7, P < .001). For example, gills 4, 5, and 6

are of similar lengths and yet gill 4 harbors roughly 30%

more O. cor than either gill 5 or gill 6.

The vast majority (3617, or 98.6%) of the O. cor were

attached to the inside surface of the gills rather than the

outside surface (48, 1.3%).

The distribution ofO. cor on the inside of gills 1 through

8 (gill totals) differs from that on the outside of gills 1

through 8 (X
2 = 682.9, df =

14, P < .001). For example,

the inside surface of gill 4 has 31% (1 129) of all the O.

cor on the inside surface (Table I), whereas the outside

surface of gill 4 has only 10% (5) of all the O. cor on the

outside. O. cor, like O. angulata, colonizes the inside sur-

faces of the gills in a way distinct from its colonization of

the outside gill surfaces.

The distributions of O cor on the proximal, medial,

and distal surfaces of the inside of gills 1 through 8 differ

from one another for all three comparisons (proximal by

medial, X 2 = 57.2. df= 14, P < .001; proximal by distal,

X 2 = 80.6, df = 1 4, P < .00 1 ; distal by medial, X
2 = 69.8,
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df = 14, P < .001 ). Thus, the distribution of O. cor over

the inside surfaces of the proximal, medial, and distal

regions of individual gills differs from gill to gill. The
number of O. cor on the outside surfaces is very small,

so the distribution on these surfaces remains unclear

(Table 1).

The distribution of the totals for gills 1-8 of O. cor on
the proximal ( 1 527), medial (1987), and distal (103) sur-

faces of the inside of the gills (Table I) does not differ from

the totals for the proximal, medial, and distal surfaces of

the outside (\
2 = 5.5, df =

4, P < .05). This lack of

difference is unlike our findings with O. angulata and

may be due to small numbers of O. cor on the outside

(Table I).

Comparison of'O. angulata and O. cor distributions

The distributions of 0. angulata and O. cor on the in-

side surfaces of gills 1 through 8 (gill totals) are significantly

different from each other (X
2

: 1103.4, df = : 14, P
< .001). For example, gill 7 has the highest number (514)

of 0. angulata on the inside, whereas gill 4 has the highest

number (1 129) of O cor on the inside (Table I). Figure 2

illustrates how differently O. angulata and O. cor are dis-

tributed on the inside surfaces of the gills.

Less than 2% of the O. cor were found on the outside

gill surfaces, whereas 28% ofthe O. angulata were attached

to the outside surfaces (Table I). Although these distri-

butions were significantly different (X
2 = 59.0, df = 14,

P < .001). the very low numbers of O. cor found on the

outside make this comparison of questionable biological

importance.

The distributions of O. angulata and O. cor on the

proximal, medial, and distal segments of the inside sur-

faces of gills 1 through 8 (Table I) are different from one

another (X
2 = 64.8, df =

4, P < .001). Both species have

about 55% on the medial gill region but differ on the

proximal and distal regions. A similar comparison for the

barnacles distributed over the outside surfaces shows no

significant difference (X
2 = .41, df = 4, P < .05).

Distribution ofbarnacles on crabs ofdifferent sizes

In an earlier study (Jeffries el al.. 1992), we divided the

sample of crabs into two size categories: those with car-

apace widths below 70 mm (=87), and those above

70 mm (n =
173). This size criterion was chosen because

crabs larger than 70 mm are much more likely to be in-

fested and have heavier infestations, and because the crab's

sexual maturity probably begins at 70 mm (instar 14) (Jef-

fries el al., 1992). This same carapace size (70 mm), was

used to divide the crabs into two groups larger and
smaller for the following comparisons of distributions.

For both species of barnacles, distribution on the inside

of gills 1 through 8 (gill totals) of smaller crabs differs

GILL 8

50 40 30 20

O. angulata [%]

10 5 10 15 20 25 30 35

0. cor [%]

Figure 2. The percent distribution of 1267 Octolasmis angulala is

compared with the percent distribution of 3617 Octolasmis cor on the

inside (hypobranchial) surfaces of gills 1 through 8.

from the distribution on larger crabs (O. angulata: X 2

= 26.2, df =
14, P < .02; O. cor. X 2 = 25.3, df =

14, P
< .05). For example, gill 7 bears 17% (1 1) of the O. an-

gulata on the smaller crabs, whereas gill 7 bears 42% (503)

of the O. angulata on the larger crabs (Table II). The
distribution of O. cor on the inside of gills 1 through 8

(gill totals) on crabs of less than 70 mm carapace width

also differs from the distribution on crabs larger than

70 mm.
The distributions ofO. angulata on the proximal, me-

dial, and distal segments of the inside surfaces of gills 1

through 8 of smaller crabs were not significantly different

from the distribution observed on larger crabs (X
2 =

.34,

df = 4, P > .05). This was also true for O. cor (X
2 =

1.6,

df =
4, P> .05).

Table II also shows that smaller crabs (<70 mm) have

fewer individual barnacles in their gill chambers than do

the larger (>70 mm) crabs. Only two of the smaller crabs

had more than 10 barnacles. Thus, crab size and barnacle

density go hand-in-hand.

Effects ofcrowding on barnacle distributions

In analyzing barnacle numbers and barnacle distribu-

tion as a function of density, two points must be consid-

ered.

First, the "host unit" should be the gill chamber and

not the individual crab. We think this because, as cyprids

explore a given gill chamber, they can monitor directly

only those conditions (whether biotic, e.g., other cyprids

or metamorphosed barnacles, or abiotic, e.g., currents and

oxygen concentrations) in that chamber. Of course, the

two chambers of a crab are not wholly independent; for

example, they have in common a crab of the same size.
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Table II

The distribution ofO. angulata over the inside (hypobranchial) gill surfaces of23 S. serrata with carapace widths less than 70 mm and 120 S.

serrata greater than 70 mm flop), and the distribution ofO. cor over the inside gill surfaces of 44 S. serrata with carapace widths less than 70 mm
and 156 S. serrata greater than 70 mm (bottom)

Octolasmis angitlata

Crabs < 70 mm; Inside of gills Crabs > 70 mm; Inside of gills

Gill Number
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groups were not significantly different from each other

(X
2 = 6.6, df = 14, P > .05). Moreover, the distributions

of the totals of O. angulata on the proximal, medial, and

distal segments of the inside surfaces of gills 1 through 8

of both groups were also not significantly different (X
2

= 2.1, df= 4, P> .05).

The distributions of O. cur over the inside surfaces of

gills 1 through 8 (gill totals) for the low density group and

for the high density group (Table IV) are also not signif-

icantly different from each other (X
2 = 21.2, df = 14, P

> .05). But the distributions of the totals of cor on the

proximal, medial, and distal segments of the inside sur-

faces of gills 1 through 8 of the low density group and the

high density group are significantly different (X
2 = 13.8,

df = 4, P < .01). Thus, at higher densities there are more

O. cor on the proximal portion of the gills and fewer (less

than 1%) on the distal portion in comparison with the

distribution observed in the low density chambers (Ta-

ble IV).

Discussion and Conclusions

The ability of barnacle cyprids to locate highly specific

substrates (microhabitats) for colonization is well docu-

mented in the literature (Foster, 1987). Hui and Moyse
(1987) have suggested that the cyprids of "parasitic or

obligate commensal species . . . must be [attracted] to

the host animal." Moyse ( 197 1 ) reported that Megatrema

anglicum is secondarily attracted to conspecifics after the

host coral has been located.

Most species within the genus Octolasmis colonize a

limited number of host species (usually decapods) and are

typically very selective as to the site of attachment on the

body of the host. Moreover, a symbiont may exploit only

1UU
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Table IV

The distribution
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Having established that the congeneric species O. an-

gu/ala and O. for live together in the gill chambers of the

same host. S. serrata, the intriguing question is what fac-

tors direct the cyprids to select different settlement sites

within the gill chambers. Site selection by O. miilleri cy-

prids on Callinectes sapidus (Jeffries and Voris, 1983) and

the octolasmids on Scylla under study here is not random.

Nor is site selection by cyprids governed by available space

alone, whether the measurement is made by gill length

or gill area. The high degree of similarity among the gills

argues against the idea that substrate is an important factor

for site selection within the gill chamber.

Several lines of reasoning support the hypothesis that

current flow through the gill chamber (see Wolvekamp
and Waterman, 1960; McMahon and Wilkens, 1983) is

the single most important factor influencing site selection

by octolasmid cyprids. First, the direction, path, and in-

tensity of current flow govern the distribution of both

food and oxygen within the gill chamber. Flow through
the chamber also influences the disposal of respiratory

and metabolic waste products and, by affecting sedimen-

tation rates, influences fouling.

Water enters the crab hypobranchial chamber through

openings at the bases of the thoracic appendages, and this

occurs as a result of negative pressure created in the bran-

chial chamber by the pumping action of the scapho-

gnathites (Arudpragasm and Naylor, 1964a. b; Hughes el

ai. 1969; McDonald, 1977; Taylor. 1982). Thus we as-

sume that octolasmid cyprids entering S. serrata first en-

counter the inner sides and the proximal regions of the

gills. This is likely the case as the cyprids converge on

intermolt crabs. But at the molt of host mangrove crabs,

when the major infestation by octolasmid cyprids takes

place (Jeffries el al.. 1989). the scaphognathites are inactive

for a time. With complete cessation of pumping, pressure

in the branchial spaces immediately falls to zero (Hughes
el al., 1969), so factors other than current may be gov-

erning cyprid behavior during this period of quiescence.

As the crab exoskeleton splits on the outer surface ofeach

gill, proximal to distal along the afferent branchial blood

vessel, the octolasmid cyprids would have access to the

newly exposed gill.

Among symbiotic octolasmid barnacles, cyprid orien-

tation is correlated with the direction of current on the

gill surface of lobsters (Dinamani. 1964) and on sea snakes

(Jeffries and Voris, 1979).

The orientation of the barnacle capitulum on the gills

of lobsters has been studied by Dinamani (1964), and on

the gills of Scylla by Bullock (1964). Although neither of

these studies focused on cyprids or incorporated current

flow measurements, both reported that the anterior-pos-

terior orientation of the capitulum tends to parallel the

major flow patterns in the chambers (Wolvekamp and

Waterman, 1960; McMahon and Wilkens, 1983).

Our study suggests that, although current is likely an

important factor influencing settlement patterns, it may
not be the only factor. O. angulata and O. cor cyprids

distribute themselves differently, and O. angulata distrib-

utes itself differently at low and high densities. Both of

these behaviors might be explained by current flow, but

other explanations, including historical and biotic factors,

deserve consideration and testing. For example, O. an-

gulata and O. cor may have different distributions because

one species is a generalist, "averaging" optimal settlement

sites over many host species, whereas the other is a spe-

cialist and is optimizing its distribution for a single host

species, Scylla serrata. O. angulata may be the generalist

with 1 7 known host species, whereas O. cor. known from

6 host species (Jeffries el al.. 1982), may be the more spe-

cialized of the two.

Although the density of adult barnacles may influence

current flow within the gill chamber, the density of cyprids

within the chamber just after molt would have negligible

effect on current. Thus, O. angulata cyprids may assess

overall cyprid densities (encounters) on the post-molt crab

and distribute on the inside versus the outside accordingly.
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Abstract. Synaptophysin is a membrane protein of syn-

aptic vesicles that serves as an antigenic marker for ner-

vous and endocrine systems in mammals. Monoclonal

antisera generated against synaptophysin were used for

immunocytochemical staining in tissues of the tentacles

of the sea anemone Condylactis gigantea (Cnidaria: An-

thozoa). Specific staining, visible at the light and electron

microscope levels, was found in the tentacle. Proteins were

extracted from the tissues and solubilized. Using SDS-

polyacrylamide gel electrophoresis and Western blotting,

we identified proteins with apparent molecular weights of

38,000, 78,000, and 1 14,000. The data suggest the tissues

of this anthozoan contain synaptophysin-like proteins

with molecular properties similar to those ofmammalian
neurons.

Introduction

Neural communication is accomplished at the synapse,

a highly specialized structure where a nerve cell comes

into apposition with its target. Synaptic vesicles, multi-

molecular neurotransmitter "packets" within neurons, are

well-known storage compartments that sequester peptide

and nonpeptide transmitter molecules used during the

intercellular signaling process (Kelly, 1993). The release

of neurotransmitter is a highly regulated, plastic event

that can be fine-tuned by the neuron through a series of

changes in intracellular levels of seconds messengers and

related protein phosphorylation events. The modulatory
effects take place at many sites including the pre- and
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postsynaptic terminals and the synaptic vesicles (Kelly,

1993). In the last few years progress has been made in

investigating the molecular composition of mammalian

synaptic vesicles and, in particular, in elucidating their

membrane composition. Results suggest vesicles contain

highly specific groups of abundant membrane proteins

that participate in transmitter release. These groups in-

clude proteins thought to control the mobilization of

vesicles (Sudhof el al. 1989; De Camilli et al., 1990),

those involved in intracellular "trafficking" and docking

(Schiavo et al., 1992), and those involved in the formation

effusion pores between secretory vesicles and the plasma
membrane (Jessell and Kandel, 1993).

Synaptophysin (p38) is a major integral membrane

protein found in clear, small synaptic vesicles (SSVs)

present in the mammalian spinal cord and retina, at neu-

romuscular junctions, and in the adrenal medulla (Wie-

denmann and Franke, 1985). The protein, thought to be

involved in the formation of transient fusion pores, shares

structural features with gap junction channels (Buckley

etal.. 1987; Thomas et al., 1 988; Sudhofand Jahn, 1991).

Also known as synaptophysin I, one of two isoforms

abundant in the brain, it represents up to 0.3% of the total

protein in the cerebral cortex or 7% of synaptic vesicle

protein (Knaus et al., 1986; Jahn et al., 1987; Wieden-

mann and Franke, 1985). Synaptophysin has been isolated

from several sources, sequenced, and found to be highly

conserved (Leube >/ al.. 1987; Sudhof et al.. 1987; John-

ston et al.. 1989; Cowan et al., 1990).

Examination of neural transmission and neuroendo-

crine function in some lower organisms has not kept pace

with that in more advanced organisms. The simplest me-

tazoans known to possess a nervous system are those of

355
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the phylum Cnidaria whose members include the familiar

hydra, jellyfish, sea anemones, and corals. The nervous

system in these organisms has been described functionally

and structurally as a diffuse nerve net (Bullock and Hor-

ridge, 1965). Yet some studies have shown condensation

of neural components that form "giant axons" or a neural

plexus (Mackie, 1973, 1990; Van Marie, 1977; Spencer

and Arkett, 1984). Elements of these nervous systems are

known to include denned sensory cells and motor cells

and their processes. The molecular structure of the neural

elements, however, is largely unknown. Our work involves

the use of immunocytochemical techniques, as well as

protein isolation and light and electron microscopy, to

study protein components of the nervous system in the

subtropical sea anemone Condylactis gigantea (Cnidaria:

Anthozoa). Results of our studies suggest that the tissues

of this anthozoan contain proteins with synaptophysin-

like molecular properties similar to those found in the

nervous and endocrine systems of mammals.

Materials and Methods

Animals

Specimens of C. gigantea were obtained from a supplier

in Los Angeles, California, and were kept in aquaria in

aerated, filtered, recirculating natural seawater (24C)
obtained from the Catalina Marine Science Center (Santa

Catalina Island, California). Animals acquired from local

suppliers in Philadelphia, Pennsylvania, were kept in

aquaria in aerated, filtered artificial seawater and were

used within a few days of purchase. Specimens were

maintained on a 12/12 photoperiod and fed a diet of Ar-

lemia nauplii, small pieces of squid, or both three times

a week. Water was changed at 2-week intervals.

Anesthetic and tentacle removal

Animals were anesthetized by immersion in seawater

containing succinylcholine chloride (67 ng/ml, Sigma
Chemical Co., St. Louis, Missouri). Relaxed tentacles of

the anesthetized animals were about the length of normal

tentacles, but somewhat smaller in diameter. Tentacles

were clamped with a hemostat at the junction of the oral

disk and excisi-d proximal to the clamp.

Light microscopic immunocytochemistry

Excised tentacles were placed in 2% paraformaldehyde
in phosphate-buffered saline (PBS: 0.1 M sodium phos-

phate buffer, 0.9% NaCl), pH 6.5. for 2 h at room tem-

perature before postfixation for 8 h at 4C in 2% para-

formaldehyde in PBS, pH 1 1 (Berod ct al.. 1981). Samples
were rinsed three times in PBS, pH 7.4, prior to cryopro-

tection by immersion for 12-24 h each in 10%, 20%>, and

30% sucrose in PBS, pH 7.4, at 4C. Tissue was placed

in Tissue-Tek (Miles Inc., Elkhart, Indiana) and frozen

in isopentane at liquid nitrogen temperatures. Twenty-
micrometer sections were made on a Microm 500 M
Cryostat (Zeiss Inc., Thornwood, New York) at -20C
and thaw-mounted on slides. Endogenous peroxidases

were inactivated in 0.3% hydrogen peroxide in PBS for

20 min after a rinse in PBS for 15 min. After three suc-

cessive 15-min rinses in PBS and a 1-h immersion in PBS

containing 0.3% Triton X-100 and 10% normal serum

(Vector Laboratories. Burlingame, California), all speci-

mens were incubated at 4C in mouse monoclonal pri-

mary antisera directed against (1) synaptophysin (SY38;

Boehringer Mannheim Corp., Indianapolis, Indiana) at a

1:5 dilution of stock (10 Mg/ml) for 48 h; or (2) synapto-

physin (C7.2; Jahn el al., 1985) at a 1:10,000 dilution of

stock for 24 h. Three successive 15-min rinses in PBS were

followed by incubation with a biotinylated goat-anti-

mouse immunoglobulin, several PBS rinses, and incu-

bation in an avidin-horseradish peroxidase complex

(Vector Laboratories, Burlingame, California) following

manufacturer's instructions. Tissues were incubated in a

chromagen solution composed of equal volumes of 0.1%

hydrogen peroxide and 0.5% 3,3'-diaminobenzidine tet-

rahydrochloride (DAB, Sigma Chemical Co., St. Louis,

Missouri) in PBS.

Control procedures for immunostaining included re-

placement of the primary antibody with goat normal

serum and deletion of the secondary antibody.

SDS-PAGE and Western blotting

To demonstrate the existence of synaptophysin in the

sea anemone C gigantea, we isolated the constituent pro-

teins. To minimize protein contamination, food was

withheld from anemones for 3 days before extraction.

Whole anemones were cleaned of debris and weighed.

Specimens were chilled for 1 5 min at -70C before being

quickly chopped into 1-cm 3

pieces and placed in SEDTA
(20 mM Na-ACES buffer, 0.3 M sucrose. 2 mM EDTA,

pH 7.4) for 15 min with intermittent gentle hand agitation

to remove mucus. Minced tissue was transferred and

homogenized in TME medium [10mA/ tris(hydroxy-

methyD-aminomethane (Tris) HC1, 3 mAI MgCl : . 2 mM
K2-ethylene glycol-bis(/3-aminoethyl ether)-N.N.N'.N'-tet-

raacetic acid (EGTA), pH 8.2] in the presence of protease

inhibitors ( 10 ng/m\ leupeptin, 76.8 n,4/aprotinin, 0.7 \nM

pepstatin, 0.83 mM benzamide, 0.23 mM phenylmeth-

anesulfonyl fluoride, and 1 mM iodoacetamide) at 4C.
The homogenate was centrifuged at 800 X g (SS34 rotor)

for 10 min at 0C to remove insoluble debris. The su-

pernatant was transferred and centrifuged at 9000 X g for
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2 h at 0C. The supernatant was reserved and stored at

-70C. Pelleted material was resuspended in TME con-

taining 2% SDS, briefly homogenized, and centrifuged at

9000 X g for 2 h at 0C. The supernatant was either used

immediately or stored at -70C. Protein content was de-

termined by the method of Bradford ( 1976). Control pro-

cedures consisted of extraction of rat brain as described

above.

Proteins were electrophoresed in 12.5% SDS-poly-

acrylamide gels by the method of Laemmli (1970) and

transferred to nitrocellulose sheets. Western blotting was

performed by the method of Towbin el al. (1979). In brief,

blots were processed through incubations with blocking

solution (5% skim milk in PBS) for 12 h at 4C, then

immunostained with one of the following at 4C with

gentle agitation: ( 1 ) monoclonal antibodies raised against

synaptophysin (SY38; Boehringer Mannheim Corp.. In-

dianapolis, Indiana) for 1 h at a 1 : 1 50 dilution; (2) mono-

clonal anti-synaptophysin (C7.2) for 3 h at a 1:2000 di-

lution; (3) rabbit polyclonal anti-synaptophysin (G95) for

3 h at a 1:1000 dilution; or (4) rabbit polyclonal anti-p29

for 5 h at a 1:1000 dilution. Incubations were followed

by biotinylated goat-anti-mouse or goat-anti-rabbit im-

munoglobulin, several PBS rinses and incubation in an

avidin-horseradish peroxidase complex (Vector Labora-

tories. Burlingame. California) following manufacturer's

instructions. Conjugates were visualized using a 4-chloro-

1-naphthol/peroxidase substrate system (Kirkegaard &
Perry. Gaithersburg, Maryland).

Electron microscopic immunocytochemistry

Portions of tentacles were transferred to 4.0% parafor-

maldehyde/0.5% glutaraldehyde in 0.1 M PBS, pH 6.5,

for 1 h at room temperature and were transferred to 4.0%

paraformaldehyde/0.5% glutaraldehyde in PBS. pH 11,

for 8 h at 4C before washing in PBS, pH 7.4, and de-

hydration in a graded ethanol series. Samples were infil-

trated and embedded in EM-BED-812 (Electron Micros-

copy Sciences, Ft. Washington. Pennsylvania) according

to manufacturer's directions. Silver to gold sections were

placed on nickel grids (Ted Pella Inc.. Redding, Califor-

nia). Grids were floated on small amounts of reagent at

room temperature as follows: ( 1 ) 1 h on 0. 1 A/ PBS, pH
7.4; (2) 10 min on a saturated solution of sodium meta-

periodate. followed by 30 min on several changes of PBS:

(3) 1 h on 10% normal serum (Vector Laboratories. Bur-

lingame. California), (4) three successive 30-min rinses

on PBS: and (5) 4 h on monoclonal antiserum to syn-

aptophysin (SY38; 1:200). Three successive 30-min rinses

on PBS preceded floating the grids on a 1:40 dilution of

gold-conjugated IgG (Janssen Life Sciences Products, Pis-

cataway, New Jersey) for 1 h, and two successive 20-min

distilled water rinses.

Grids were postfixed for 1 5 min on a drop of 2%. glu-

taraldehyde and poststained in lead citrate and uranyl

acetate, followed by two successive 1 5-min rinses on dis-

tilled water. Specimens were examined and photographed

in a JEOL 100CXII electron microscope (JEOL USA,

Inc., Peabody, Maine).

Controls consisted of replacement of the primary anti-

serum with nonimmune serum.

Results

Light microscopic immunocytochemistry

To demonstrate the presence of a synaptophysin-like

protein in the tissues of this species, sections of tentacle

were examined after application of a monoclonal syn-

aptophysin I antiserum (SY38: Boehringer Mannheim

Corp., Indianapolis, Indiana). SY38 has been shown to

react with synaptophysin-containing presynaptic vesi-

cles of cerebral and spinal neurons in a variety of species

(Wiedenmann and Franke, 1985). The antibody does

not recognize synaptophysin II (synaptoporin; Knaus

et al.. 1990). Figure 1 shows a cross section of tentacle.

A fine punctate pattern of immunoreactivity is located

in the tissues at the center of the tentacle (Fig. 1A, B,

C), an area in and around the mesoglea that is known

to contain a dense plexus of nerve cell bodies and pro-

cesses (Van Marie, 1977; C. DellaCorte, unpub. obs.).

Immunolabeling was also assessed using the anti-syn-

aptophysin I antibody C7.2, which recognizes a site in

the cytoplasmic tail of the synaptic vesicle protein (Jahn

et til.. 1985). The extent of immunolabeling and pattern

of distribution within the tentacle did not significantly

differ from that seen with SY38 (not shown). The stain-

ing pattern described was not seen when control IgGs

were substituted.

Electron microscopic immunocytochemistry

Labeling was found at the surface of SSVs within the

processes of the neural plexus (Fig. 2). Immunogold

labeling was exclusive to the SSVs although not all ves-

icles within the same region showed reaction product.

The distribution of the gold particles around SSVs was

not homogenous; some regions contained more labeling

than others, exhibiting a semi-"corona-like" decoration.

Corona decoration of synaptic vesicles has been re-

ported (De Camilli et al.. 1983; Wiedenmann and

Franke, 1985). No appreciable amount of gold particles

was observed over non-neural tissues, although some

diffuse background staining was present. As with the

sections processed for light microscopy, the specificity

of labeling was assessed with controls. Sections adjacent

to those immunolabeled with synaptophysin were re-
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Figure 1. (A) Light microscopy. Cross section of the tentacle of Condylaclis giganlea immunolaheled

with monoclonal anti-synaptophysin (SY38). The epidermal neural plexus consists of a layer, mid-tentacle,

between the overlying epidermis and the basal gastrodermis. The section reveals specific, punctate-like labeling

within and adjacent to the area of the neural plexus. The scale bar is 20 ^m. (B) The epithelial layers of the

tentacle are defined in this schematic representation. (C) The arrangement of the tissue within a cross section

of tentacle.

acted with nonimmune serum. The labeling described

above was absent, or showed only sparse and randomly

scattered distribution of gold particles, demonstrating

very low background.

Gel electrophoresis and Western blotting

To further demonstrate the presence of synaptophysin-

like moieties in this species of anthozoan, we isolated the
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Figure 2. Electron microscopy. Cross section of the tentacle ofCon-

dylactis giganlea showing immunogold labeling of anti-synaptophysin

(SY38). A semi-corona-like reaction product is seen at the surface of a

clear-cored synaptic-like vesicle within a neurite in the neural plexus.

The scale bar is 0.067 ^m.

constituent proteins. When the proteins were visualized

with SY38, bands with apparent molecular weights of

78,000 and 1 14,000 daltons were specifically labeled in

both freshly extracted and stored protein fractions (Fig.

3, lanes 4 and 5). The 78,000-dalton protein appeared to

predominate after storage, however (Fig. 3, lane 5). The

molecular weight of these proteins does not differ consid-

erably from synaptophysin dimers and trimers found in

other species (Rehm el a/., 1986; Thomas el al. 1988).

In addition, immunoreactivity was assessed with the

anti-synaptophysin antibodies G95 (not shown) and C7.2

(Fig. 4). Patterns of synaptophysin-like immunoreactivity

at MW r 78,000 and 1 14,000 daltons were seen in freshly

prepared extracts from C. gigantea (lane 4). Similar pat-

terns were also seen in the extracts from rat brain (lane

3). In addition, immunoblotting labeled a 38-kD molec-

ular weight fraction from the extract of C. gigantea that

had been stored for 1 month at -70C.
The protein fraction from C. gigantea was reacted with

a monoclonal antibody to p29, an integral membrane

protein present in small clear synaptic vesicles of neurons

and endocrine cells. Antibodies to p29 have been shown

to cross-react with synaptophysin I (Baumert el al., 1990).

Our results show a band with an apparent molecular

weight of 29,000 daltons in extracts of tissue from rat brain

(Fig. 5). Faint labeling at 38,000 daltons was seen in the

protein sample from C. gigantea that had been stored

(lane 5). A more robust banding pattern was found at

78,000 and 1 14,000 daltons in both the freshly extracted

and the stored protein fractions (lanes 4 and 5). Immu-

nolabeling of a 38-kD band in the rat extract was revealed

at 1:150 to 1:200 antibody titers (not shown) (Baumert

ct al., 1990).

Discussion

Many synaptic vesicle proteins, including synaptophy-

sin, exist in multiple isoforms. At present, two forms of

synaptophysin have been identified: synaptophysin I (Jahn

el al., 1985; Wiedenmann and Franke, 1985) and syn-

aptophysin II/synaptophorin (Knaus et al., 1990; Bixby,

1992). The properties of synaptophysin I, the focus of our

study, have been extensively investigated and show that

the glycoprotein contains four membrane-spanning do-

mains, with cytoplasmic amino and carboxy termini

(Johnston et al., 1989). The highly immunogenic tail re-

gion encompasses 10 copies of a tyrosine-rich repeat

(Sudhof et al., 1987). A high degree of homology between

synaptophysin I and II suggests that the two forms have

similar transmembrane organization, although they share

little sequence similarity in the region of the carboxyl-

terminal tail (Knaus et al., 1990; Bixby, 1992).

Immunocytochemical light microscopy results show

that synaptophysin antibodies recognize an antigenic de-
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Figure 3. Western blotting. Condylactis gigantea synaptophysin-like

proteins were visualized using a monoclonal synaptophysin antibody

(SY38). Two prominent, high molecular weight protein bands are seen

in the membrane fraction of the rat. A faint band is also seen at 38 kD.

Bands of MW, 78 kDand 1 14 kD were specifically labeled in the protein

extract from C. gigantea. Lane 1: Molecular weight standards (MW r );

Lane 2: rat brain cytosolic fraction, 15 ^g/lane; Lane 3: rat brain mem-

brane fraction. 1 5 j/g/lane; Lane 3: freshly prepared fraction ofanemone

membrane, 1 5 /ig/lane; Lane 4: anemone membrane fraction stored at

-70C for 1 month. 15 Mg/'ane.
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Figure 4. Western blotting. Immunolabeling with antisynaptophysin

(C7.2) reveals protein bands at MW, 78 kD and 1 14 kD in the freshly

made extract from the sea anemone Condylactis gigamea. while the

stored extract presents another, faint band, at 38 kD. Lane 1: Molecular

weight standards (MWr ); Lane 2: rat brain cytosolic fraction, 1 5 ^g/lane;

Lane 3: rat brain membrane fraction, 1 5 Mg/lane; Lane 4: freshly prepared

anemone membrane, 15 ng/'ane; Lane 5: anemone membrane fraction

stored at -70C for 1 month, 15 ng

terminant in the tentacles of C gigantea. In this antho-

zoan, the epidermal neural plexus forms a discrete layer

that is sandwiched between the overlying surface layer of

epithelial cells and the epidermal musculature that abuts

the mesoglea (C. DellaCorte, unpublished results). As

such, it is located almost in the center of the tentacle wall.

The positioning of the immunostained product co-local-

izes with the neural plexus. Electron microscopy shows

some antigenic surfaces to be small, clear-cored vesicles

within the processes of the neural plexus. Large, dense-

cored vesicles did not appear to be labeled. The pattern

of labeling (i.e.. the overall punctate appearance in light

microscopy and the semi-corona-like pattern seen at the

surface of pui;i'
; ve synaptic vesicles in electron micros-

copy) are in agreement with those seen in other studies

(Bock and Helle, 1 977; Navone el a!.. 1986; Obata el al.

1986; Alder?/ al, 1992).

Although the synaptophysin molecule has a deduced

molecular weight of 38,000 daltons, it has been suggested

that the 76,000-dalton dimeric structure may be the native

form (Jahn el al, 1985; Wiedenmann and Franke, 1985;

Navone el al, 1986; Rehm el al, 1986). Higher molecular

weight homo-multimer complexes are known to form

(Wiedenmann and Franke, 1985; Rehm el al. 1986; Jahn

el al, 1987; Thomas el al. 1988; Johnston and Sudhof.

1990). Dimers, trimers, and tetramers have been identified

following chemical cross-linking studies (Rehm el al,

1986; Thomas el al. 1988; Fykse el al, 1993). Disulfide

cross-links also form spontaneously in nontreated extracts

(Johnston and Sudhof, 1990; Fykse el al, 1993) and upon

storage (Rehm el al, 1986; Thomas el al, 1988). The

apparent molecular weights of the synaptophysin-like

proteins isolated from the tissues of the sea anemone

Condylactis gigantea are within the parameters defined

by these studies.

The variation in immunoblotting patterns between the

SY38 and C7.2 antibodies in our study was initially sur-

prising. Yet similar patterns have been noted. Studies by

Wiedemann and Franke (1985) and Rehm el al (1986)

reported a lack of synaptophysin immunoreactivity in

endocrine cells and a phylogenetic distribution restricted

to mammals. Navone and co-workers (1986), however,

suggested that these results may have resulted from a lim-

ited epitope specificity of SY 38. Their research, using

several anti-synaptophysin antibodies including C7.2,
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Figure 5. Western blotting. The putative synaptophysin-containing

fraction from CimJylactix gigantea was immunoblotted with monoclonal

antibodies to p29. A band with an apparent molecular weight of 29 kD

is seen in extracts of tissue from rat brain. In the extract from C. gigantea

tissues, faint cross-reactive immunolabeling is seen at 38 kD. with more

robust banding patterns at 78 kD and 1 14,000 kD. Lane 1: Molecular

weight standards (MW r ); Lane 2: rat brain cytosolic fraction, 1 5 jug/lane;

Lane 3: rat brain membrane fraction, 1 5 Mg/'ane; Lane 4: freshly prepared

anemone membrane, 15 ^g/lane; Lane 5: anemone membrane fraction

stored at -70C for 1 month, 15 ^g/lane.



SYNAPTOPHYSIN IN CNIDARIA 361

showed the presence of synaptophysin immunolocaliza-

tion in many vertebrate classes down to amphibia, al-

though not all species were found to display reactivity to

every antibody. Furthermore, synaptophysin labeling was

found in a variety of neuroendocrine cells.

The protein-containing extract from C. gigantea was
further characterized by immunoblotting with antibodies

directed against p29. The immunogenic tail of synapto-

physin is a characteristic shared by the synaptic vesicle

protein p29, an integral nonglycosylated protein. Studies

demonstrate that this structural relationship between p29
and synaptophysin may result in patterns of antibody

cross-reactivity (Baumert et a/., 1990) such as that seen

in this study with C. gigantea.

The data from our study suggest that synaptophysin-
like proteins with molecular weights similar to those found

in mammalian neural and endocrine systems exist in the

sea anemone C. gigantea. It will be enlightening to de-

termine the sequence and structure of these proteins and

compare them with those from other studies. Comparisons

may provide insight into the functional constraints of

protein sequences during evolution. Furthermore, char-

acterization of the synaptophysin-like protein by the ap-

plication of modern techniques on evolutionarily diver-

gent species such as these may be helpful in identifying

functionally significant regions of these important mol-

ecules.
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Abstract. Squids are capable of a high degree of visual

signaling, most ofwhich is expressed through the neurally

controlled chromatophore organs in the skin. An accurate

catalog (or ethogram) of these signals is an essential pre-

requisite to quantified behavioral analyses and experi-

mentation. Body patterns such as those described here

may also be useful for distinguishing between morpho-

logically identical species or subspecies of commercial

importance. The natural behavior of Loligo vulgaris rey-

naudii on spawning grounds was filmed by divers, and

the body patterning repertoire was described in detail; 23

chromatic components, 4 postural components, and 9

locomotor components ofbody patterning were observed

and correlated with different types of behaviors. Most of

the chromatic components were expressed during intra-

specific behaviors (e.g., agonistic behavior among males,

courtship, mating) and, to a lesser extent, during inter-

specific interactions with fishes. Several of the most basic

types of body patterns are described, the most distinctive

of which are Lateral Display and White Flashing used

between males in agonistic contests. This species is com-

parable to other Loligo spp. in its complexity of body

patterning behavior.

Introduction

Cephalopods have evolved a chromatophore system

unique in the animal kingdom: because the pigmented

cells in the skin are under neuromuscular control, skin

color and pattern can change rapidly, resulting in a high

diversity of appearances in individual animals. Much of

the behavior of cephalopods is expressed through these

Received 3 February 1994; accepted 22 September 1994.

pattern and color changes ofthe body, which convey visual

signals to conspecifics. predators, and prey (e.g., Moynihan
and Rodaniche, 1982; Hanlon and Messenger, in press).

These "body patterns" are made up of chromatic (i.e.,

color), textural, postural, and locomotor components (cf,

Packard and Sanders, 197 1; Packard and Hochberg, 1977;

Hanlon, 1982; Hanlon and Messenger, 1988). Chromatic

components are discrete neural entities, just as postural,

locomotor, and textural components are. That is, the

expression of Dark head and arms, for example, represents

the selective neural excitation of motor neurons in the

CNS that control the expansion of all chromatophores

on the head and arms. A wide variety of body patterns

can be exhibited by each individual of each species;

patterns are not only species-specific, some are also sex-

specific.

Our aim in this paper is to describe an ethogram for

the commercially important squid Loligo vulgaris rey-

naudii. An ethogram is a catalog and description of be-

haviors and is used as the basis for studying behavior. In

cephalopods, the development of a system of names for

the components of body patterning, combined with care-

ful illustration and description of each one, is mandatory

for at least three types of studies: (a) accurate and quan-

titative analyses of behavior (e.g., Moynihan and Roda-

niche, 1982; DiMarco and Hanlon. in prep.; Hanlon and

Messenger, unpub.), (b) developing taxonomic keys to

species identification (Hanlon, 1988; Roper and Hoch-

berg, 1988), and (c) comparing conserved characters of

chromatic expression that can aid phylogenetic studies

(e.g., Moynihan, 1985; Hanlon, 1988; Burghardt and

Gittleman, 1990).

Loligo vulgaris reynaudii (D'Orbigny) attains average

adult sizes of 23 cm mantle length for females and 32 cm

363
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for males, and is an important commercial species in

South Africa, with up to 10,000 tons caught annually by

hand jigging (Augustyn, 1990, 1991; Sauer et al., 1992).

This paper is part of a broader study of the biology and

life history of the species; the long-term goal is to acquire

adequate information to manage the fishery properly

(Augustyn et al.. 1992. 1994). Previous studies included

preliminary behavioral observations from video footage

taken by a small, remotely operated vehicle (ROV). One

of these studies (Sauer et al.. 1992) revealed glimpses of

rather complex signaling related to spawning behavior,

which led to the present investigation.

Materials and Methods

Behavior can be observed directly and at close range

because squids habituate to divers within a few minutes;

a close approach is facilitated if the divers move slowly

or are immobile. During 33 dives throughout daylight

hours, nearly 1 1 hours of squid behavior were observed

from 11 November to 1 December 1993 on spawning

grounds in depths of 17-30 m. The study area was be-

tween Port Alfred in the east (3336'87 S, 2655'51 E)

and the Tsitsikamma Coastal National Park in the west

(3401'81 S, 2356'43 E), or about 700 km east of Cape

Town. Over 4 of the 1 1 hours of behavior were recorded

with a Sony TR81 Hi-band 8-mm video camera in an

underwater housing. An additional 1 .3 hours of videotape

from previous years were also reviewed (filmed by W.

Sauer and G. Fridgeon from 1989 to 1992 in the same

areas). Drawings from the video images were made with

the software program CorelDRAW for DOS.

Video sampling (Martin and Bateson, 1993) was ac-

complished as follows. During the early dives, sampling

was ad libitum with continuous recording because we

sought preliminary data that would reveal the variety of

behaviors observable with hand-held cameras; approxi-

mately half our recordings were ad libitum. After analyz-

ing these tapes on board ship, we switched to behavior

sampling, in which a group was watched and only partic-

ular behaviors were recorded (e.g., agonistic bouts, mating,

fish inter:; is, etc. ): about a third of the recordings were

such behavior simples. The remaining recordings in-

volved focal sampling, in which we followed and taped

an individual squid (e.g., a lone male, a paired female, a

sneaker male, etc.) or a dyad (e.g., a courting pair and

any competing males). Analyses involved many replays

of the recordings by all coauthors, so that each type of

information sought could be obtained (e.g., one replay

for observing components, one for describing them, one

for counting them, one for describing mating, etc.). The

time spent on total analysis thus totaled several hundred

person-hours.

Terminology

A Body Pattern is the overall appearance of the ceph-

alopod at any moment, and it is made up of one or more

of the following Components: chromatic (i.e., color),

textural, postural, and locomotor. Textural components

refer to skin papillation in cuttlefishes and octopuses,

but squids do not have this ability. For convention,

components are capitalized in the first word only, while

body patterns are capitalized at the beginning of each

word. Names of components and of body patterns follow

existing cephalopod literature (reviewed by Hanlon and

Messenger, in press). Emphasis was given to naming

components and body patterns as morphological de-

scriptors to avoid behavioral or functional connotations.

Following the tradition in ichthyology and herpetology

(Robins et ul., 1991). the terms "stripe," "line," or

"streak" mean longitudinal chromatic components that

parallel the body axis, whereas "bar" or "band" mean

transverse or vertical components.

Results and Discussion

Table I lists the components and body patterns ofLoligo

vulgaris reymimlii. The chromatic components are illus-

trated in Figure 1 . Unless stated otherwise, all components

and body patterns were shown by both sexes.

The body patterns and components listed in this etho-

gram constitute a subset of all squid behaviors, and they

reflect only the types of behaviors we sampled for and the

behaviors that happened to occur on those dives on those

days in the immediate vicinity of the egg beds. Although

numerical quantification is not appropriate for this study,

we list in parentheses, in Table I, the number of times ()

that we counted a body pattern or component on video

tapes to give the reader an impression of how common

some of them are.

Light chromatic components

Only three were observed, and each is common to

all Loligo spp. Clear is characterized by retraction of

all chromatophores, rendering the animal whitish or

translucent. This component can act alone as a body

pattern, and it is the most common pattern in calm,

undisturbed squids. Two iridescent components, both

thought to aid in crypsis, were also observed: Dorsa!

mantle collar iridophores and Dorsal mantle splotches;

these are not illustrated but can be seen in color plates

in Hanlon (1982).

Males show the Accentuated testis component. Ac-

centuation of this white organ is accomplished by ex-

pansion of most mantle chromatophores while simul-

taneously there is selective retraction (i.e., lack of neural

excitation) of the chromatophores over and even be-
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yond the border of the testis. Males of other loliginid

squids also have this capability (Hanlon, 1982, 1988;

Moynihan, 1985). which is thought to be an expression

of "maleness," although this has not been demon-

strated. Loligo viilgaris reynaudii shows the component
to other males and to females.

The white Accentuated oviducal gland of females is

similar in appearance to the Accentuated testis of males,

but is different in shape, position, and frequency of

expression. On rare occasions, females show a white

area directly over the eggs in the most posterior dorsal

mantle.

Dark chromatic components

Loligo viilgaris reynaudii has three color classes of

chromatophores: yellow, red. and brown. All dark is

characterized by expansion of all chromatophores, re-

sulting in a reddish-brown overall color. This component,

which also acts independently as a body pattern, is an

expression of alarm or disturbance in the squid. For ex-

ample, close unexpected approaches of fishes (even small

nonpredatory ones) cause brief expression of All dark,

but the pattern is also used intraspecifically during ago-

nistic encounters, and even between males and females,

when one or the other is startled (Hanlon, 1982; Hanlon

et a/.. 1983; this study). There is a distinctive unilateral

variation in which one side of the entire arms, head, and

mantle (but usually not the fins) becomes dark, illustrating

a striking bilateral asymmetry. Another variation of All

dark is Dark fins, giving the impression that the posterior

half of the mantle is darkened. Conversely, Dark head

and arms shows the opposite effect, and there is a variation

of this in which only the arms are darkened; these com-

ponents are seen during intraspecific agonistic encounters.

Dark head and arms is also exhibited by Loligo opalescens,

but in that species it is seen during mating (Hurley, 1977).

Occasionally, males show Dark tentacle or arm tips but

the significance of this component is unknown; on oc-

casion when Raised arm (see below) is used during ago-

nistic contests, males darken the arm tip. Shaded eye aids

in crypsis by covering the bright iridescent sclera of the

eyeballs and is common among loliginid squids.

The only transversely oriented component is Bands

(called Rings in previous literature), which are common
in loliginids and are associated either with (a) crypsis

through disruptive coloration (as in Loligo pealei; Ste-

venson, 1934) or with (b) secondary defense, in which a

squid approached closely by a predator (or possibly a large

object like an ROV with shining lights) shows disruptive

coloration, often with some distinctive arm posture (Sauer

and Smale, 1993). This component functions alone as a

body pattern, but has rarely been seen thus far, and no

comments are yet appropriate.

Dark striped components. Loligo viilgaris reynaudii

shows five striped chromatic components. Dark dorsal

stripe is common to Loligo spp. and is seen in calm squids;

the stripe varies in width from a few millimeters to one-

third of the mantle width. It is thought to aid in crypsis

through countershading when viewed laterally and

through disruptive coloration when viewed from above,

by covering some of the bright organs such as the testis,

oviducal glands, and ink sac (Hanlon, 1982, 1988; Hanlon

and Messenger, in press).

The next four striped components are used during in-

traspecific agonistic encounters. Fin stripe occurs when

squids appear to be mildly alarmed during agonistic con-

tests; also, the component is observed commonly on

squids that have been jigged and brought into the boat (a

highly unnatural situation to which no function can be

ascribed, although this is presumably an extreme form of

stress and alarm). Mantle margin stripe is very common

among Loligo spp. and is usually shown posteriorly as a

dark red line below the fin insertion. However, it is oc-

casionally shown as a longitudinal dark red line from the

fin insertion forward to the mantle collar. It is also a mild

reaction to disturbance or alarm from intraspecific en-

counters. Arm stripe is seen in similar situations, but is

quite uncommon; either the first or third pair of arms is

darkened. Ventral mantle stripe is analogous to the "Mid-

ventral ridge" of Loligo plei (Hanlon, 1982) except that

there is not the extrusion of skin that produces the ridge

in Loligo plei. The function is unknown in L. viilgaris

reynaudii or in Loligoforbesi ( Porteiro et a/. , 1 990), except

that in the present observations males showed this com-

ponent often while swimming alongside a mate. It can be

seen only from below, but this may be important because

males often swim slightly above their female mate. The

possibility that the stripe helps disrupt the body shape

when viewed from below (by predators) should not be

discounted.

Dark spotted components. These three components are

expressed during alarm or threat situations, mainly in-

traspecifically. and are often shown unilaterally on the

side towards the other squid. Arm spots are small and

can occur either on the base of the second or third arms,

whereas the Infraocular spot occurs roughly between the

eye and the Arm spots. Both are sometimes expressed

simultaneously. There is considerable variation in the

expression of the "spot," as illustrated. Fin spots are about

5 mm in diameter in large adults and are distributed as

illustrated; they are expressed commonly during agonistic

contests between males.

Dark components associated with reproduction. In

addition to Accentuated testis and Accentuated ovi-

ducal gland, four other components are related to sexual

behavior.



366 R. T. HANLON ET AL.

Table I

Body pallerns and their components in the squid Loligo vulgaris reynaudii (f= female, m = male): (n) is the number of times each component was

obsen-ed on video. Compare Figure 1

Dark:

1. All dark

2. Dark dorsal stripe

3. Ventral mantle stripe

4. Mantle margin stripe

5. Fin stripe

6. Arm stripe

7. Fin spots

8. Arm spots

9. Intraocular spot

10. Dark fins

1 1 . Bands

12. Shaded eye

13. Dark head and arms

14. Dark tentacle or arm tips

15. Lateral mantle streaks (m predominantly)

16. Red accessory nidamental gland (f only)

17. Shaded oviducal gland (f only)

18. Lateral blush (f only)

Postural components:

1 . Raised arm

2. Downward V curl

3. Splayed arms

4. Egg holding (f only)

Chronic patterns:

(minutes-hours)

1. Clear

2. Dorsal Stripe

Chromatic components

n =

(87)

(76)

(25)

(136)

(34)

(83)

(52)

(75)

(57)

(56)

(2)

(41)

(98)

(30)

(84)

(2)

(9)

(34)

Body Patterns

(356)

(76)

Light:

1. Clear

2. Dorsal mantle collar iridophores

3. Dorsal mantle splotches

4. Accentuated oviducal gland (f only)

5. Accentuated testis (m only)

n =

(356)

(50)

050)
(149)

(46)

(48)

(2)

(42)

(22)

5

6

7

Locomotor components:

1. Inking

2. Jetting

3. Parallel positioning

4. Fin beating (m only)

Jockeying and Parrying

Head-to-head mating
Male parallel mating (m only)

(6)

8. Male "sneak" mating (m only)

9. Mate guarding (m only)

025)
010)
(23)

(0)

(10)

(10)

Acute patterns:

(seconds)

White Hashing (m)

Dark Hashing
Accentuated Oviducal Gland (f)

Accentuated Testis (m)

Bands

Blanch-Ink-Jet Maneuver

Lateral Display (m)

O182)
(32)

(149)

(46)

(2)

(3)

(>30)

Three are shown only by females. Females can mask
Accentuate', '\iducal gland with the component Shaded
oviducal gland; this is particularly effective when the squid

is in the otherwise Clear body pattern because, as noted

often by divers and from video recordings, it decreased

conspicuousness of the very white oviducal gland. The
Red accessory nidamental gland is large and bright in this

species and can be seen through the mantle, either from

below or laterally. Thus it must be considered a potential

signal in communication, even though it is internal. Its

primary anatomical function is unknown, but it may be

a sign of female sexual maturity since it turns red only

upon attainment of full maturation (Drew, 1911; Hanlon,

1982). Finally, females show a Lateral blush component
that may be analogous to similar components in other

loliginids, for example, the Lateral blush of Loligo plei

(see Hanlon, 1982). the Pied pattern of females of the

Caribbean reef squid Sepioteuthis sepioidea (see Moyni-
han and Rodaniche, 1982) and the Lateral mantle spot

in female Lolliguncula brevis (see Dubas el al., 1986).

Lateral mantle streaks are basically male-only streaks

of chromatophores, each streak from 2-24 mm long and

surrounded by a clear area of about 1-2 mm that is com-

pletely devoid of chromatophores, thus rendering the



Clear

All dark (unilateral
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Dark dorsal stripe Accentuated oviducal gland 9

Shaded oviducal gland 9

Mantle margin stripe

;f

Red accessory nidamental gland 9

Arm stripe (first or third)

Dark tentacle or arm tips

Lateral mantle streaks cf

Figure 1 . Neural expression of the chromatic components ofbody patterning in the squid Loligo vulgaris

reynaudii.
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streaks more obvious relative to surrounding chromato-

phores. A sample of the number and distribution of these

streaks is given in Table II. Large mature males have 8-

17 streaks, whereas mature females have only 1-3 streaks,

but in females they occur only in the largest animals and

are very small and almost certainly insignificant for visual

signaling, being so small and indistinct. In all cases, most

of the streaks are located anteriorly (see Fig. 1 ). In a typ-

ically sized streak of ~ 16 mm long in a male, there are

about 320 chromatophores, whereas in a typical streak of

4 mm length in a female there are only 29 chromato-

phores. The morphological arrangement of chromato-

phores in the streaks differs from that on the rest of the

animal. The arrangement is similar to the "Yellow-Brown

Discoid Unit" in Loligoplei (Hanlon, 1982); that is, there

are only two color classes of chromatophores instead of

the customary three. The streaks are similar in appearance

to the Lateral flame component in Loligoplei and Loligo

pealei (Hanlon, 1982; Hanlon et a!., 1983) and to the

Lateral mantle streaks in Loligo vulgaris vulgaris and Lo-

ligo forbesi (Hanlon, 1988). However, there seems to be

a major difference in the way they are used behaviorally,

because in Loligo vulgaris reynaudii they are not used

during the Lateral Display (see below), whereas in Loligo

plei they are a major component during Lateral Displays

(Hanlon. 1982; DiMarco and Hanlon. unpub.).

Taxonomically it may be important that the streaks in

male Loligo vulgaris reynaudii are shorter than those in

male Loligo forbesi, even on a proportional scale. For

example, Loligo vulgaris reynaudii in the range of 14-

38 cm mantle length had streaks 4-13 mm long, whereas

Loligo forbesi in the same size range had streaks 1 0-

30mm long (from Table 3 in Hanlon, 1988). Further-

more, female Loligo vulgaris reynaudii have only one or

a few inconspicuous streaks, whereas female Loligoforbesi

have 8-12 streaks on each side of the mantle, each about

14 mm long; these latter streaks were easily visible in the

skin unlike those of Loligo vulgaris reynaudii. This may
be a distinguishing character in both sexes and should be

checked carefully in Loligo vulgaris vulgaris as a possible

diagnostic character with which to separate Loligo vulgaris

vulgaris from Loligo forbesi in their widely overlapping

ranges oft" European coastlines.

Postural and iocomotor components

Inking is the expulsion of ink mixed with mucus. It

takes two basic forms: (a) relatively small puffs either in

the form of a pseudomorph that resembles the size and

shape of an escaping squid, or more commonly just a

general blackened spot; or (b) large and dense clouds of

ink. Jetting refers to rapid body movement by expulsion

of water from the funnel (i.e., jet propulsion), usually only

about 1 m in distance and usually backwards. There is

Table II

Number and length of the chromatic component Lateral mantle streaks

on the mantle ofthe squid Loligo vulgaris reynaudii.

Measurements in mm
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contests between males and may function in mate guard-

ing. Parallel positioning is simply positioning parallel and

laterally to another squid, with the arms in the same di-

rection on each animal. Fin beating occurs during Parallel

positioning and represents escalation of an agonistic en-

counter, because there is a transition from visual signaling
to physical contact (DiMarco and Hanlon, unpub.; Han-
Ion and Messenger, in press); physical contact is mild and
no obvious harm is done. Jockeying (from dictionary "to

move by skillful maneuvering . . . to act trickily") is an-

other component of agonistic encounters in which one
male (the "intruder") attempts to maneuver over or under
the "owner" male it is fighting and to get nearer the female.

Conversely, Parrying (from dictionary "to ward off. . .

to turn aside ... by a defensive movement") refers to

the swimming maneuvers used by the owner male to

counter the approach efforts of the intruder male. Both
maneuvers involve swimming finesse and influence the

outcome of agonistic contests.

Several other components are associated with mating
and egg laying. Loligo vulgaris reynaudii mates in three

ways. Head-to-head mating is when the male and female

face each other and entangle the arms; it is common in

loliginids and is best illustrated by Drew (1911). This

component is thought to be the only way in which males

place spermatophores in a female's bursa copulatrix,
which is a pouch for storing sperm. Head-to-head mating
was not observed directly in our study, but most Loligo
vulgaris reynaudii females already had spermatophores
in the bursa. Male parallel mating occurs when the male
swims beneath the female and grasps her with his arms
and passes spermatophores to the mantle cavity near the

oviduct; this is also common in loliginids and is illustrated

in Drew (1911). Male "sneak" mating, newly discovered
in this study, occurs when small "sneaker" or "satellite"

males jet in very quickly and grasp females near the base

of the first or second arms (i.e., always from above), pre-

sumably to place spermatophores amidst the arms, where

single egg strands are held and fertilized regardless of the

mating method. The posture Egg holding is seen after the

female has drawn the single egg strand out of the mantle.

The first two pairs ofarms are compressed dorsally. hold-

ing the eggs in some distinctive way, perhaps to fertilize

them with sperm drawn from the bursa copulatrix. Al-

ternatively, the eggs could already be fertilized from sper-

matophores placed near the oviduct during male-parallel

mating, or sperm from sneaker males could fertilize some
ova; none of this is yet understood. Mate guarding occurs

when the male of a temporary mating pair accompanies
the female to the egg mop (a collection of egg strands on
the substrate) and remains a few centimeters above her

until she deposits an egg strand into the mop. This is also

common among loliginids (e.g.. Hurley, 1977; Griswold
and Prezioso, 1981; Hanlon and Messenger, in press).

Body patterns

Chronic patterns last for minutes or hours. When squids
are calm they are usually in the Clear body pattern or

Clear with Dorsal stripe. These are cases in which a single

chromatic component acts as a body pattern.

Acute patterns last seconds or, rarely, a minute or

two. White Flashing is a male-only pattern that is used

during agonistic contests between males. It can be dif-

ferentiated from Clear by three factors: ( 1 ) it is shown
only fora few seconds; (2) the whiteness appears brighter
than Clear, probably due to reflective iridophores also

being expressed, in addition to chromatophores being
retracted (n.h.. iridophores are cells that produce struc-

tural or reflected color as opposed to pigmentary color;

they have recently been shown to be controlled actively

by the animal, Hanlon et ai, 1990); and (3) it is inter-

mittent and can even appear somewhat pulsating. Dark
Flashing is the brief appearance of the dark chromatic

component All dark, usually 2-3 times in succession

over a few seconds. It is shown by both sexes: during
agonistic contests between males, by females when
fighting males approach too closely, and by females
when they jet away from the eggs after depositing an

egg strand. Bands have rarely been seen (see comments
above). Accentuated Oviducal Gland and Accentuated
Testis are shown briefly by females and males, respec-

tively, during courtship or during agonistic contests in

males. There are other occasions in which single dark

components are shown alone, but these were rare in

our observations and cannot be described in any
detail.

The Blanch-Ink-Jet Maneuver may be universal in

squids inhabiting the photic zone: the animal blanches
Clear and jets away quickly in the backwards direction

while ejecting ink in a pseudomorph that remains in

the same approximate position from which the squid
started the maneuver. The pseudomorph resembles the

size and shape of the dark squid that was just there.

This is a secondary defense against predation (when,
for instance, crypsis fails) and represents a typical escape

response to attacking predators (Hanlon and Messenger,
in press). Such behavior is called protean behavior be-

cause the variable and erratic escape response upsets

target prediction by the attacking predator (Driver and

Humphries, 1988).

Lateral Display is a complex behavior performed only

by males in agonistic contests. It is somewhat stereotyped,
but there is variability in the details and in the order in

which components are shown. It begins with Parallel po-

sitioning by two males and then includes various visual

signals of Arm spots. Fin spots, Infraocular spot, and
Mantle margin stripe, accompanied by the postural com-

ponents Raised arm or Splayed arms. There are then dy-
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namic interactions that include White Flashing and Dark

Flashing, and the contest can escalate to Fin beating fol-

lowed by Jockeying by the intruder to get near the female,

while the "owner" male Parries to keep the intruder away
from her.

Can body patterning ethograms help distinguish

subspecies?

The subspecies Loligo vulgaris reynaudii and Loligo

vulgaris vulgaris are separated mainly by club sucker den-

tition and protein electrophoresis (Augustyn and Grant.

1988). and the subspecies seem to overlap in the region

of West-Central Africa. We do not know whether their

body patterns (and thus their behaviors) are distinct. Un-

fortunately, Loligo vulgaris vulgaris has only been studied

briefly in the laboratory (Hanlon, 1988) so no comparison

is possible. Therefore, we would appreciate information

from biologists working with L. v. vulgaris off the Medi-

terranean or the Atlantic coasts from Europe to north-

western Africa (see distribution in Worms, 1983) about

spawning locations that are comparable to that of Loligo

vulgaris reynaudii in South Africa.

The data available for these two subspecies suggest that

the chromatic component Mantle spots, seen in Loligo

vulgaris vulgaris by Hanlon (1988). is unique to that sub-

species. We would almost certainly have seen Mantle spots

in our observations of L. v. reynaudii. since we commonly
saw Fin spots, which are common in both subspecies.

Conversely, the chromatic components Arm spots. Dark

fins. Bands, Dark head and arms, Dark tentacle or arm

tips. Accentuated testis. Accentuated oviducal gland, and

Shaded oviducal gland of Loligo vulgaris reynaudii have

not been reported in Loligo vulgaris vulgaris and should

be searched for specifically in future work. Furthermore,

the specific arrangement and length of the Lateral mantle

streaks (see Dark chromatic components above and Table

I) should be compared carefully, because this component

appears to be important in reproductive behavior, which

is likely to be different in the two subspecies.

Loligo vulgaris vulgaris overlaps extensively with Loligo

forbesi around European coastlines; thus a comparison
of the chromatic components listed here with those listed

by Porteiro el al. (1990) for Loligo forbesi might help to

distinguish Loligo vu/garis vulgaris from Loligo forbesi.

This is of major importance to fisheries biologists, who

currently have no way to distinguish the two species with

confidence either in the laboratory (with preserved spec-

imens) or on board ship (with freshly caught animals).

Making decisions for catch quotas and recruitment pro-

cesses is impossible without certain identification of the

species involved.

A similar study on Loligo pealei on its spawning

grounds near Cape Cod in the Northeastern USA would

provide additional information on the visual signaling ca-

pability of that species, which, in addition to being com-

mercially important (Summers, 1983), is used in biomed-

ical and neuroscience research (Gilbert el al., 1990).

Behavioral diversity among loliginid squids

The chromatic components of body patterns are par-

ticularly important because (1) they are discrete physio-

logical entities under direct control by the CNS; (2) they

are the primary components of the visual signal (cf,

Packard and Hochberg, 1977; Hanlon, 1982); and (3) they

are specific to the organism, i.e., they are genetically de-

termined. As a general index of behavioral diversity, the

number of chromatic components can be compared

among various Loligo spp. (Hanlon and Messenger, in

press): Loligo vulgaris reynaudii 23 (S. Africa), Loligo plei

20 (Caribbean), Loligoforbesi 17 (Europe), Loligo vu/garis

vulgaris 16 (Europe), Loligo pealei 14 (northeastern USA),

Loligo opa/escens 13 (western USA). Not all species have

been studied in comparable detail, but from familiarity

with each species (RTH) this listing is basically correct

insofar as the first two species show slightly richer reper-

toires of chromatic expression. Other genera in the Family

Loliginidae such as Lolliguncula and Al/oteuthis are sub-

stantially less rich, having only 12-13 chromatic com-

ponents; furthermore, they have only two color classes of

chromatophores (yellow and brown), compared to three

(yellow, red, and brown) for Loligo and Sepioteuthis

(Lipinski. 1985; Dubas el al. 1986; Hanlon and Messen-

ger, in press). In contrast, the loliginid Sepioteuthis se-

pioidea has 23 chromatic components and can project

many rich combinations of these into numerous body

patterns, producing far more diverse body patterning be-

haviors than any squid known (Moynihan and Rodaniche,

1982).

Conclusions

Nearly all of the components described in this study

29 of 36 (Table I) were involved in intraspecific behav-

ior. It is predictable that many ritualized intraspecific vi-

sual signals will be found in squids because they are social

animals with a complex mating system in which males

compete for females, and both sexes are polygamous. Ag-

onistic contests in male squids seem always to involve

some variations of a Lateral Display, which is a form of

"visual battle" used to establish or maintain dominance;

this dominance presumably confers an advantage to males

for temporary pairing and "preferred mating access" to

females (DiMarco and Hanlon, unpub.; Hanlon and

Messenger, in press).

None of the 36 components of patterning were com-

pletely unique to Loligo vulgaris reynaudii compared to

other loliginid squids. We know of an analog for every
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component (ef., Hanlon, 1982, 1988; Moynihan, 1985;

Porteiro et /., 1990; Hanlon and Messenger, in press),

although of course there will be detailed variations of each

component that are species-specific. The more important

differences between species are in the ways the compo-
nents are combined into body patterns and used in dif-

ferent behaviors. The durations, frequencies, and se-

quences of components shown during different displays

(e.g., the Lateral Display during agonistic contests) will

certainly be different in Loligo vulgaris rcynaudii and in

any other loliginid (e.g., Loligo pier, DiMarco and Hanlon.

unpub.). White Flashing has not been seen in other squids,

although a similar behavior called Lateral Silver has

been described in the loliginid Sepioteuthis sepioidea; it

is a unilateral signal to repel rival males only in the latest

stages of courtship (Moynihan and Rodaniche, 1982).

Our ethogram ofbody patterning behavior is reasonably

complete for intraspecific components of body patterning.

The direct observations amidst hundreds (sometimes

thousands) of highly active squids on their spawning

grounds provided more variety and the opportunity to

see a wider range of behaviors than is possible in the lab-

oratory. Furthermore, many of the intraspecific behaviors

are highly stereotyped and were seen repeatedly. A greater

amount of focal or behavioral sampling would certainly

have yielded some new behaviors and should be attempted

in the future. In addition, the behavior of Loligo vulgaris

reynaitdii should be recorded ( 1 ) during other stages of

the life cycle, and (2) during dusk and dawn, as well as at

night (using light intensifies) so that other components
and body patterns used for crypsis or predator evasion

can be observed. Only 7 of 36 components were noted

during behaviors other than intraspecific: Clear, Dorsal

mantle collar iridophores. Dorsal mantle splotches. Bands,

Shaded eye. Inking, and Jetting. Younger squids are gen-

erally found farther offshore, and the probability of ob-

serving them is lower (Augustyn, 1991). The hand-held

video technique is preferable to using ROVs at night be-

cause the bright lights on the vehicle are unnatural and

the ROVs are not nearly as maneuverable as a diver-held

camera.

We cannot overemphasize the importance of studying

behavior in the natural environment despite its difficulties.

In the marine environment around southernmost South

Africa, the cold rough waters and the relatively deep diving

(usually about 25 m) resulted in short dives (about 30-

40 min) that limited observations even when the water

was somewhat clear and the squids were most active; on

many dives subsequent to these, no squids were found or

visibility was close to zero. Nevertheless, this is a good
location for behavioral studies when conditions permit

because squids are rather concentrated along the coast.

Video was absolutely imperative because it maximized

data acquisition and proved far superior to underwater

note taking and still photography as a means of recording

and analyzing the body patterns accurately. The zoom

capability of the video allowed a variety of sampling tech-

niques: scan, focal, behavior, or ad libitum. Many details

and pleasant surprises emerged from the tapes during

analysis. For example, previous studies with the stationary

ROV (Sauer et a!., 1992) revealed only seven chromatic

components of patterning, whereas the present study, with

diver-controlled video, revealed 23 chromatic compo-
nents. This is because divers could scan the scene, antic-

ipate behavioral sequences, and use focal or behavior

sampling to follow either (a) mating pairs, (b) large lone

males, or (c) small lone "sneaker" males, all of which

were engaging in different types of behavior.

The chromatic components are taxonomic characters

useful for distinguishing at the species (e.g., Hanlon, 1988;

Roper and Hochberg, 1988) and possibly the subspecies

level (this paper). Because the chromatic components are

genetically coded physiological entities, they are as ap-

propriate as any morphological character. In particular,

the taxonomy of the Family Loliginidae is confused, es-

pecially at the generic level. Loligo spp. are so similar in

general appearance especially after preservation that

these physiological chromatic components in the living

animals may be better diagnostic characters than the tra-

ditional morphological ones. For the future, combining
traditional morphological data with body patterning and

behavioral data and eventually with molecular data

(Kuncio and Hanlon, 1991: Brierley el ai. 1993) will cer-

tainly be required to resolve these taxonomic questions.
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Abstract. Like a number of other species, horseshoe

crabs lay their eggs on beaches in the intertidal zone. The

elevation of the beach on which they nest differs among
populations. We examined two factors that potentially

affect egg survival at different beach elevations: erosion

and rate of development. We found no evidence that eggs

buried at different elevations incur different risks of ero-

sion by wave action. However, the optimal beach elevation

for egg development differed between our two study sites,

Florida and Delaware, and the difference was related to

beach morphology. Rate of development increased with

oxygen concentration, redox potential, and temperature,

and all three of these factors changed with elevation. The
nests in the lower beach failed to develop, especially in

Florida, where the beach was fine-grained and poorly

drained. The nests in the upper beach were prone to des-

sication. especially in Delaware, where the beach was

course-grained and well-drained. This means that differ-

ences between sites in the optimal location for egg devel-

opment coincided with horseshoe crab preferences in nest-

site selection. We suggest that horseshoe crabs synchronize

their nesting with the tides that reach the aerobic sedi-

ments on the beach, resulting in nesting patterns that differ

with differences in tidal regimes and beach morphology.

Introduction

Horseshoe crabs (Limulus polyphemus) synchronize
their spawning with flood tides, especially the highest

(spring) tides associated with lunar syzygies (Lockwood.

1870; Rudloe, 1980; Cohen and Brockmann, 1983; Bar-

low el a/.. 1986). Although they deposit their eggs in sedi-

ments found on the mid to upper beach, nesting elevation

varies among populations (Shuster. 1982). For example,
horseshoe crabs in Florida (Rudloe, 1980; Cohen and

Received 17 September 1993; accepted 28 September 1994.

Brockmann, 1983) and Massachusetts (Cavanaugh, 1975;

Barlow el a/., 1986; Badgerow and Sydlik, 1989) nest in

a narrow band in the upper middle quarter of the beach,

whereas crabs in the Delaware Bay nest in a wide band

over most of the wave-swept section of the beach (Shuster,

1982; Shuster and Botton, 1985; Botton et al.. 1992). The

adaptive significance of nest-site preferences of horseshoe

crabs is unclear, but it has been suggested that they nest

at beach elevations where environmental conditions are

most conducive to egg development (Lockwood, 1870;

Shuster, 1982; Badgerow and Sydlik, 1989). Another pos-

sibility is that horseshoe crabs nest at elevations that

minimize the loss of eggs due to beach erosion. In this

paper we examine these hypotheses and the costs and

benefits of the nest-site preferences of horseshoe crabs.

Horseshoe crabs spawn during the spring and early

summer on certain beaches along the Atlantic and Gulf

coasts of the United States, and in the Yucatan, Mexico

(Shuster. 1982). At high tide females bury themselves in

the sediments near the water's edge and lay a series of

discrete egg clusters, each containing thousands of eggs

(Brockmann. 1990). These eggs are fertilized by sperm
released by an attached male and by one or more satellite

males that typically congregate around the nesting couple

(Rudloe, 1980; Brockmann. 1990; Brockmann and Penn,

1992; Brockmann et al., 1994). The eggs develop in sed-

iments 5 to 20 cm (mean 1 1.5 2.8 SD cm) below the

beach surface (Rudloe, 1979; Brockmann, 1990). After 2

to 4 weeks and four embryonic molts, the embryos hatch

into "trilobite" larvae (Kingsley, 1892, 1893; Patten, 1896;

Sekiguchi et al.. 1982; Sekiguchi, 1988). The nonfeeding
larvae remain in the sand in distinct aggregations for sev-

eral additional weeks, until they enter the ocean by moving
toward the beach surface when tidal inundation occurs

again (Rudloe, 1979). Within 2 weeks, the free-swimming
trilobite larvae molt into juveniles that live in the near-

shore sand flats (Sekiguchi et al.. 1982).
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The preference that horseshoe crabs show for nesting

in the upper elevations of the beach is puzzling because

it is associated with several costs. (1) Individuals risk

stranding on nesting beaches, which results in physiologi-

cal stress or death from desiccation or predation (Botton

and Loveland, 1989; Penn and Brockmann, in press).

Stranding is riskier at higher beach elevations for two rea-

sons: subsequent tides are less likely to "rescue" stranded

crabs; and beach slope, which is necessary for orienting

to the sea (Botton and Loveland, 1987; pers. obs.), di-

minishes in the upper beach. (2) Eggs located higher on

the beach are likely to incur greater extremes of tempera-

ture and moisture and therefore may risk desiccation

(Middaugh ct al., 1983). (3) Nesting on the beach requires

that horseshoe crabs synchronize spawning with high tides.

but this synchronization leaves individuals fewer oppor-

tunities to reproduce and increases competition for mates

and nesting sites (Ims, 1990).

These costs suggest that there is some compensating

benefit to the choice of spawning sites by horseshoe crabs.

One possible explanation is that horseshoe crabs nest at

elevations that optimize egg development (Lockwood,

1870; Badgerow and Sydlik, 1989). Shuster (1982) sug-

gested that the development of Limulus eggs depends on

a combination of temperature, moisture, and oxygen gra-

dients on the beach, which vary according to local tidal

amplitude. Sea turtles nest high on the beach because

hatching success is increased by burying eggs in well-aer-

ated sediments (Hays and Speakman, 1993; Horrocks and

Scott, 1991). A second possible advantage is that wave

action may be less likely to expose or wash away horseshoe

crab eggs at certain beach elevations. Some intertidally

spawning fishes, such as grunion, deposit their eggs in the

upper intertidal to avoid beach erosion in the lower beach

(Thompson, 1919; Taylor, 1984). To test hypotheses, we

quantified the nesting locations of two populations of

horseshoe crabs, Florida and Delaware, and conducted

experiments that evaluated the effect of environmental

variables and erosion on egg development and survival.

The results of these experiments provide evidence for the

adaptiveness of nest-site selection and spawning syn-

chrony in horseshoe crabs.

Materials and Methods

Studv sites

We studied horseshoe crabs at two locations in the

United States: Florida (25 May to 5 June 1990 and 27

March to 3 1 April 1 99 1 ) and Delaware ( 1 3 to 23 July

1990 and 1 1 May to 15 June 1991). The Florida (FL)

site was a low-energy sandy beach on the south shore

of Seahorse Key, a small island in the Gulf of Mexico,

4 km from Cedar Key (2906' N, 8304' W), Levy

County. The Delaware site (DE) was a low-energy beach

of mixed sand and gravel located just inside the mouth

of the Delaware Bay at the Cape Henlopen State Park

(3847'N. 7506' W).

Beach measurements

To quantify beach elevation, we measured the oblique

distance from a zero point on the beach to locations higher

on the beach ("Beach Distance"). The zero point was the

bottom of the beach where the mud flat ended and the

beach began; i.e.. the slope and sediment composition

changed abruptly. Beach distance was more practical to

measure than elevation and the variations in beach slope,

2-5, were insufficient to affect our measurements. We

quantified the location at which eggs were laid by placing

wire flagging stakes on either side of the female during

nesting. We marked each egg cluster that the female laid

by putting these flags across the female's hinge each time

she moved forward in the sand; this procedure minimized

the possibility of eggs from other females contaminating

the egg clusters (Brockmann. 1990). At low tide we mea-

sured the distance from the bottom of the beach to the

center of each set of flags ("Nesting Distance"). We also

measured the water depth in which females nested and

their distances to the water's edge. We quantified the tim-

ing of nesting by counting the number of nesting couples

on the beach on three tides for 3 hours before and after

the MHT in FL (1989) and DE ( 1991 ). "Tidal Distance"

was quantified by measuring the extent of tidal inundation

on the beach, using wooden stakes that were driven into

the beach at 2-m intervals (measured as beach distances).

We used tidal data recorded by the National Oceanic and

Atmospheric Administration (at Cedar Key, FL, and

Lewes, DE) to calculate mean high tide line (MHTL) for

each. NOAA tide heights and our tidal distance measure-

ments were highly correlated (FL r = 0.92; DE r = 0.93),

which enabled us to interpolate the MHTL (95% CD in

tidal distance for April in FL and May in DE, 1991.

Egg development

To test the hypothesis that egg development was affected

by beach elevation, we reburied newly laid eggs at three

different beach distances and examined the eggs after 10

days (1990). After marking nests, we excavated and col-

lected the freshly laid eggs at low tide from 25 (FL) and

22 (DE) different nests, broke up the clusters, separated

the eggs from the sediments, and measured their volume

(Brockmann, 1990). To separate the eggs we used a sieve

( 1 mm mesh) in FL, but the mixed sand-gravel beach in

DE required that we elutriate the eggs from the sediments.

We reburied 60 (FL) and 90 (DE) egg clusters ("Egg

Batches") 8 cm below the sand surface at three different

beach distances (3, 5, and 8 m) at 20 (FL) and 30 (DE)

locations along 1 km of beach, marking their location with
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flagging stakes. To prevent egg loss or contamination from

other nests, half of the batches were placed in "cages"

(2 mm nylon mesh bags sealed with Velcro). After 10 days
we excavated the egg batches and quantified their devel-

opment in two ways. First, we estimated the percent of

developed eggs by visually inspecting the developmental

stages of a 1-ml sample of eggs under a dissecting micro-

scope, separating undeveloped eggs from embryos (i.e.,

those with limb buds which occur during stage 13; Seki-

guchi el al.. 1982), and counting the number to obtain a

"Percent Eggs Developed" within each batch. Second, we
measured the increase in the volume of egg batches ("Egg
Batch Volume") due to developmental swelling (i.e.. the

1.7-mm Linnilus eggs become 3.6-mm embryos before

hatching). For example, volume of egg batches (due to

developmental swelling) increased significantly with de-

velopmental rate (developmental index) (r
2 = 0.65. F, -8

= 10.6, P =
0.01). Changes in volume were calculated by

dividing the volume at 10 days by the initial volume of

an egg batch (
I

2/ 1
', ) because the initial volume of the egg

batches varied (20-50 ml). Variation in initial volume of

egg batches did not significantly affect developmental rate

(0
= 0.25. T= 1.9, P= 0.06).

To test the hypothesis that egg development was affected

by environmental variables that changed with beach ele-

vation, we collected freshly laid eggs from 1 3 (FL) and 23

(DE) nests and reburied the caged egg batches at 8 (FL)
and 7 (DE) different predetermined beach distances for

12 days ( 1991 ). In DE we anchored the cages with flagging

stakes so they would not be exposed by other nesting crabs.

To quantify the average development of each egg batch

after 12 days, we used a "Developmental Index" (D.I.).

This index provided more resolution than "percent de-

veloped" used in 1990 because it weights development

by the time required to reach each stage under standard

conditions. Samples from each egg batch were divided

into four categories based on developmental stages: eggs

(stages 1-17). embryos (stages 18-19), late embryos (stages

20-21 ). and larvae (Sekiguchi et al.. 1982). After counting
the number of individuals in each category, we multiplied
this number by the number of days required to reach that

stage in the laboratory (stage X days) (Brown and Clapper,

1981). We calculated an overall D.I. for each batch by

taking the sum of the stage X days for all developmental

stages divided by the total number of individuals. For

example, the D.I. for one batch that had 5 eggs, 14 early

embryos. 1 98 late embryos, and larvae is I [stage X days]
= [5(0)+ 14(15)+ 198 (21) + 0(26)]/217 = 20. whurh

means that the batch contains a large proportion of late

embryos. We used stepwise multiple regressions to deter-

mine the environmental factors that best predicted de-

velopmental rate.

We measured six environmental variables near the de-

veloping egg batches. ( 1 ) Temperature was measured in

situ with a thermistor probe inserted 10cm below the

surface, and measurements were taken three (DE) or five

(FL) times for each egg batch (means used in analyses).

(2) Moisture content (%H 2O) was measured by collecting

sediment samples near each egg batch (in sealed plastic

containers), weighing (within 2 h), drying (oven baked at

105C), and reweighing (%H 2O =
[(wet weight

-
dry

weight)/wet weight] X 100). (3) Salinity of the interstitial

water (10 cm from surface) was measured in FL with a

refractometer. (4) Interstitial oxygen concentration ([O 2 ])

could not be measured directly because %H 2O varies at

different beach distances. Instead we used a portable YSI

oxygen meter to measure the dissolved [O2 ]
in 120 ml of

seawater inside a plastic bag that we buried in the sedi-

ments near the egg batches. Dissolved [O2 ] within the

bags equilibrates with the surrounding [O 2 ] sediments be-

cause polyethylene is permeable to oxygen (Fremling and
Evans, 1963). Two (FL) or three (DE) measurements per

bag were taken (mean used in analyses). We also collected

sediments (50 ml) near each egg batch, added seawater

(50 ml) to each sample, and then directly measured the

[O2 ]
1 h later at 30C ("Sediment Analysis"). (5) Redox

potential (Eh) was also measured inside the bags using a

Fisher 955 pH/mV meter with a naked platinum electrode

(Corning 476080 Redox Combination Electrode) because

[Eh] is a more reliable indicator of oxygen availability

than [O2 ] measurements (McLachlan, 1978). [Eh] also

indicates ion imbalances in sediments due to microbial

activity (ZoBell, 1946; Banger and Niemisto, 1978). (6)

Sediment data were taken because the grain size deter-

mines the drainage and interstitial oxygen content of

beaches (Eagle, 1983). Sediments were collected in FL
and the mean grain size (M z ) and the variation, or sorting

coefficient (a,0), was measured by sieving (at 10 intervals

in the range -2 to 5 </>). The units are on the phi (</>) scale,

where <t>
= -log2S and S is the grain size in mm (Boggs,

1987). The results were compared with descriptions of

sediments from DE (Maurmeyer, 1978).

Because Linuilus embryos can postpone development
under anaerobic conditions (Palumbi and Johnson, 1982).

we determined whether undeveloped eggs were still viable

by transferring them to aerobic conditions in the labo-

ratory. Eggs from each egg batch were reared in petri dishes

(100 eggs per dish) with filtered seawater (periodically

changed) in a FormaScientific incubator (under a 14 h

daylight schedule at 30C day, 26C nighttime temper-

ature; Brown and Clapper, 1981). In DE we noted the

number of individuals within egg batches that were ob-

viously dead (decayed and crumbly) after 12 days on the

beach and compared the relative mortality of eggs at dif-

ferent beach distances.

Egg loss due to erosion

To test the hypothesis that beach elevation affects ero-

sion of eggs from the sand, we measured the net amount
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of sand lost (erosion) or deposited at different beach dis-

tances (1991). We hammered forty 1-m wooden stakes

into the sand (the same stakes we used for measuring tidal

distance). After the tide receded, we recorded the change

in beach level ("erosion/deposition") that occurred since

the previous tide. In FL we recorded the change in sand

erosion/deposition at four beach distances (/;
=

7) using

the mean from 1 1 high tides. In DE, we recorded the

mean erosion/deposition at five beach distances (n
=

5)

from five tides. We looked for evidence of egg loss by

comparing the change in volume between matched pairs

of caged and uncaged egg batches from the egg develop-

ment experiment (1990). Reduced volume in uncaged egg

batches relative to caged ones would provide evidence for

egg loss due to erosion. We also used egg-sized, colored

glass beads to minimize the effects of predation (FL 199 1 ).

We made 30 "bead batches" (3-g batches), and buried

them at three different beach distances, 8 cm below the

surface (
= 10). To monitor the erosion during the ex-

periment, we buried each batch near an erosion stake (us-

ing the mean erosion/deposition for analyses). After 1 7

days, the depth of the bead batches (the distance from the

surface) was remeasured, and, after allowing them to dry,

each batch was reweighed to estimate bead loss.

Data analyses

Before performing statistical tests, we examined the re-

sidual plots to validate the assumptions of the tests and

used arcsine transformations on percentage data (to nor-

malize variances). We used higher-level regression models

(such as quadratic versus linear) only if there was a sig-

nificant increase in the variation explained by adding an

additional term to the model (
=

0.05). We used multiple

regressions to evaluate the significance of various factors

and stepwise regression procedures to select the model

when colinearity occurred. We used "Statview" (Abacus

concepts, 1989a) and "SuperANOVA" (Abacus Concepts,

1989b) statistical software. Data are reported as mean

standard deviation, unless otherwise stated.

Results

Differences in nest-site location, tidal synchrony, and

beach characteristics

Horseshoe crabs in DE nested higher and over a wider

range of beach than those in FL (Fig. 1 ); the mean nesting

distance and the variance were significantly greater in DE
than in FL (Table I). In DE 95% of the crabs nested over

61% of the beach, whereas in FL 95% of the horseshoe

crabs nested over 40% of the beach. The mean nesting

distances were not significantly different from the mean

high tide line (MHTL) in FL or DE (/-test, P > 0. 1 ) and

the nesting distances increased slightly with increasing

FLORIDA
Nesting location

I 1 1-

DELAWARE

Nesting location

i-

Beach distance (m)

Figure 1 . A comparison of the location on the beaches where horse-

shoe crabs nest in Florida and Delaware. "Nesting location" is the beach

distance (mean SD and range) where nesting occurs. MHTL is the

mean high tide line and EHTL is the extreme high tide line. The moisture

gradients on the beaches are shown as the saturated zone (), moist zone

(D). and drying zone (D).

tidal distance (FL: r
2 = 0.25, FU4:

= 433, P = 0.0001).

The crabs nested in or just below the swash zone and

neither the distance from the water's edge nor the water

depth (/-test, Tlig
=

1.1, P= 0.29) of nesting crabs differed

significantly between FL and DE populations (Table I).

The DE and FL populations exhibited different patterns

of lunar and tidal synchrony (Table I). ( 1 ) In FL the crabs

spawned only during spring tides. In DE the largest popu-

lations emerged during spring tides, but they continued

to spawn during neap tides. (2) Spawning crabs were more

abundant during the higher of the two daily tides in DE
and FL. We noted one exception in DE when tidal in-

equality was reversing; i.e.. during lunar quadrature, the

crabs were more abundant on the lower tide of the day

in DE (see also Barlow el ai. 1986). In FL the highest

tides were usually during the day, whereas in DE they

were usually at night (1990; Table I). (3) In FL the largest

numbers of horseshoe crabs nested around the time of

the MHT (see also Cohen and Brockmann, 1983), but in

DE they nested after MHT, i.e., during the receding tide

(Fig. 2).

The FL and DE beaches differed in a number of im-

portant respects (Table I). First, the extent of tidal inun-

dation was greater in DE than in FL. Second, although

both beaches can be classified as low energy, the FL beach

was of a much finer grain size than the DE beach. Third,

associated with these two variables was the fact that the

saturated zone and the drying zones were higher on the

beach in FL than in DE; i.e., the finer grained sediments

of the FL beach held water better than the coarser grained

sediments of DE. Fourth, FL and DE beaches differed in

the beach distances at which there was available oxygen

(Table I).

Egg development

FL and DE differed in the pattern of egg development

with beach distance. In FL, egg batches placed at the high-
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Table I

Nesl-sile selection by horseshoe crabs, the development of their eggs, and characteristics ofthe beach at various elevations at two sites. Florida

and Delaware

Florida Delaware

Nesting Behavior

Location oj Nesting Crabs

Mean nesting distance

Range of nesting distance

Mean distance from water's edge

Mean water depth

Nest depth

Sfawning Synchrony
Lunar

Tidal

Timing of maximum crab density

5. 1 0.9 m (n
= 434)

3 to 9 m (n = 433)

68 68cm( = 37)

8 9 cm (n = 37)

11.5 2.8cm(n =
382)

spring tides

both daily tides (n =13)
around high tide

7.4 1.9 m(n = 1396)

1 to9m(n = 1395)

85 70cm (n
= 145)

7 8 cm (n = 144)

9.3 3.9cm (n =112)

spring and neap tides

higher tide (n = 13) which usually occurs at night

after high tide

Egg Development (Percent Developed, 1991)

Beach Distance

11-12 m
9-10 m
7-8 m
5-6 m
3-4 m
0-2 m
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Tide time (hrs)

Figure 2. The time of maximum horseshoe crab spawning compared

with the time of maximum high tide at (a) Seahorse Key. Florida ( 1989)

and (b) Cape Henlopen, Delaware (1991). The bars indicate the mean

number of nesting couples over three days and the points indicate the

mean tidal distance recorded during three Hood tides. "Tide time" in-

dicates the hours before (-) and after ( + ) the maximum high tide (adapted

from Burger el ill., 1977). Tidal synchrony was significantly different

between the two populations (X
: = 945. df =

4. P < 0.001).

intercorrelated with each other (Table III). A stepwise

regression analysis found that [O2 ]
was the variable that

best predicted the developmental index in FL (r = 0.53,

F,,22
= 25.2, P = 0.0001), whereas the best predictor of

D.I. in DE was %H :O (r
2 = 0.67, F2 . 2 ,

= 23.6. P = 0.0001 ).

The [O: ]
in the sediment samples (sediment analysis)

increased significantly with beach distance (r
2 = 0.45, Fi, 22

= 18, P = 0.0001) in FL. Sand color below the surface

was lighter at higher beach distances (ANOVA, F, , 5K

= 143, P = 0.0001 ) and was black or grey from to 3 m.

indicating anaerobic conditions (Eagle, 1983). Develop-

mental rate (D.I.) of eggs in the incubator increased sig-

nificantly with beach distance (r
2 = 0.33, F\ j4

= 16.7, P
= 0.0003) and eggs that had been buried in the lower

beach (below 3 m) never hatched. Unlike FL. the sedi-

ments beneath the surface in DE were rarely grey or black,

and most eggs in the lower beach showed some signs of

development.

Egg /o.v.v din' to erosion

In FL sand is eroded from the lower part of the beach

and deposited ai higher beach distances (Fig. 5). However,

in the artificial experiment, bead loss occurred only
at the highest beach distance (ANCOVA, F,. 28

= 7.92. P
= 0.009). No significant associations were found between

bead loss (P = 0.75) or final bead depth (P = 0.70) and

sand erosion. In the egg-loss experiment, volume (Fi/I',)

did not differ between caged and uncaged treatments

(Wilcoxon Signed-Ranks, r = 0.77. n= 13, P = 0.22). In

DE sand was eroded only at the highest beach distance

(/-
: = 0.23, F,,22

= 6.9. P = 0.02) and this was negligible

(i.e.. < 5 cm) (Fig. 5). Egg batch volume (r2/F,) did not

differ between caged and uncaged treatments (F, 74
= 2.7,

P= 0.12).

Discussion

Nest-site selection and egg development

Horseshoe crabs nested at beach elevations where egg

development was maximized. They nested just above the

mean high tide line, avoiding the lower and upper ele-

vations where egg development was impaired. Our results

show that variation in egg development with elevation is

due to chemical and thermal gradients on the beach. The

sediments in the upper beach were warmer and drier than

the lower beach, which explains why eggs buried above

the mean tide line were more likely to desiccate than eggs

buried lower on the beach. The sediments in the lower

beach contained insufficient interstitial oxygen concen-

trations for egg development to occur. The color and odor

of the lower beach indicated the presence of hydrogen

sulfide and explains why the eggs became black and

crumbly. The inability of eggs to survive in anoxic sedi-

ments supports the suggestion that nesting horseshoe crabs

avoid beaches with anoxic peat beds because they impair

embryonic development (Botton et ai, 1988). Horseshoe

crabs may avoid anaerobic conditions (anoxic sediments,

peat beds, and sewer outflows; Rudloe, 1971) by using

oxygen-sensitive elements in their book gills (Crabtree and

Page, 1974) and prosoma (Thompson and Page, 1975).

It has also been suggested that horseshoe crabs have H 2S

receptors (Botton et til.. 1988).

Horseshoe crabs in Delaware nest over a wider range

of the beach than in Florida, probably because the range

of elevations conducive to development is wider in Del-

aware. The differences in egg development between the

two sites can be explained by differences in oxygen and

moisture gradients on the beaches. In Florida the inter-

stitial oxygen concentration increased slowly with distance

(not reaching [O2 ]
> 1 ppm and +Eh until 3m), whereas

oxygen concentration increased sharply with beach dis-

tance in Delaware ([O2 ]
> 1 ppm and Eh > +80 above

1 m section of the beach) (Figs. 4a, e). Also the redox

potentials in the lower beach in Delaware (+140 to

-30 mV) were never as low as in Florida (-50 to

-250 mV) (Figs. 4b, f)- This means that the Delaware

crabs can nest lower on the beach without adversely af-

fecting the development of their eggs.

The differences in interstitial oxygen (and redox gra-

dients) and moisture gradients between the Florida and

Delaware sites can ultimately be attributed to differences

in beach morphology (Table I). Sediment grain size de-

termines the drainage of a beach, which greatly affects the

interstitial oxygen content (Gordon, 1 960; Brafield, 1964;

Eagle, 1983). The Florida sediments were fine to medium
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FLORIDA

(a) Egg Development (b) Egg-Batch Volume

CD

I

-11357
Beach distance (m)

DELAWARE

(c) Egg Development

30 -

20 -

10-11357
Beach distance (m)

(d) Egg-Batch Volume

24 6 8 10 12

Beach distance (m)

60-

50-

40 -

30-

20-

10

-2 024 6 8 10 12

Beach distance (m)

Figure 3. Development of Limulus eggs, embryos and larvae (mean SE) at different beach distances

in Florida (a and b) and Delaware (c and d). Development, as measured by the developmental index, varied

with beach distance in (a) Florida (r = 0.35, F t .2l
=

1 1 .3, n = 3, P = 0.003) and in (c) Delaware (r = 0.44.

F242
= 16, n =

1, P = 0.0001). Egg batch volume due to developmental swelling also varied with beach

distance in (b) Florida (r
2 = 0.12, F,j,

= 2.9, P = 0.10) and (d) Delaware (r = 0.32. F2 .a = 9.7. P
= 0.0003).

grained and had poor drainage (e.g., the moisture content

decreased gradually, not dropping to 5% until 7 m),

whereas the Delaware sediments were coarse grained with

relatively high drainage (e.g., the interstitial water dropped

sharply, falling below 5% at 4 m) (Figs. 4d, and h). Thus,

even though the tidal amplitudes were greater in Delaware,

the water content of the beach was lower than in Florida.

Fine-grained sediments, such as in Florida, also have

greater surface areas for microbial growth. This further

depletes interstitial oxygen, increases hydrogen sulfide,

and lowers redox levels (Eagle, 1983; Boaden, 1985).

Variation in beach geochemistry may also explain why
the crabs in Florida nested up to the EHTL but well below

this mark in Delaware (Fig. 1). In Delaware the eggs in

the highest part of the beach were usually desiccated. Wa-

ter retention was so poor in Delaware that water concen-

tration was the best predictor of egg development on the

beach. Increased risk of desiccation on higher parts of the

beach may explain why crabs in Massachusetts shift their

nesting sites to lower beach distances during the summer

( Barlow et ai, 1986).

Nesting synchrony

Nesting synchrony varied significantly between the two

populations. In the Delaware Bay, horseshoe crabs often

spawn during neap tides, as reported for Massachusetts

(Cavanaugh, 1975; Barlow et a/., 1986; pers. obs.). How-

ever, crabs in Florida almost never spawn during neap

tides (Rudloe, 1980; Cohen and Brockmann, 1983; pers.

obs.). Our results from the egg-development experiments

suggest an adaptive explanation for differences in spawn-

ing synchrony between these populations. The aerobic

sediments occur at higher elevations in Florida than in
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Table II

The development of Limulus eggs placed al different locations on the

beach
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Figure 4. The conditions of the sediments at different beach distances (1991; mean SE, ;;
- 3) in

Florida: (a) interstitial oxygen concentration (r
2 = 0.78: Fl:22

= 78; P = 0.0001), (b) redox potential (r
:

= 0.79; Fu ,
= 70; P = 0.0001). (c) temperature (r

2 = 0.64; F,., 2
= 39; P = 0.0001), (d) moisture content

(r
2 = 0.80; F122

= 87; P = 0.0001); and Delaware: (e) interstitial oxygen concentration (r
2 = 0.82; F2 .

= 102; P = 0.0001), (0 redox potential (r
2 = 0.36; F2 . 3,

= \l; P = 0.0002), (g) temperature (r
2 = 0.61;

FIU,
= 35: P = 0.0001), and (h) moisture content (r

2 = 0.83; F2 . 27
= 67; P = 0.0001).
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Table III

The effects offour environmental factors in beach sediments on the development <>/ Limulus eggs (D.I.) at the FL and DE sites (1991)

Parameter

Florida

Significance test

Note: A polynomial regression was used on the Delaware data and nonsignificant effects were not included.

Delaware

Significance test

[0,]
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surface uncovered by nesting crabs (Barash, 1993; Botton

et ul.. 1994). Thus, it seems unlikely that nest-site selection

is an adaptation to protect eggs from shorebirds in Del-

aware.

Conclusions

Horseshoe crabs nest just above the mean high tide line

where the development of their eggs is maximized. Beach

sediments lower on the beach contain inadequate inter-

stitial oxygen concentrations (and probably high H :S),

whereas sediments higher on the beach are too dry for egg

development. Differences in nest-site preferences between

the Florida and Delaware horseshoe crabs correspond to

differences in the location where eggs successfully develop,

which is ultimately due to differences in geochemistry on

these beaches. Although beach geochemistry and local

tidal rhythms provide a partial explanation for the geo-

graphic variation in nest-site preferences and nesting syn-

chrony among horseshoe crabs, they do not explain all of

the variation in nesting behavior. Other factors, such as

predation and intraspecific competition for nesting sites,

are likely to affect nest-site selection in Limit/us.
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Hemocyanins: Interspecific Relationships
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Abstract. The monomeric subunit composition and

oxygen binding properties of hemocyanins were examined
in 9 taxonomic groups of 43 crustacean species and 1

hybrid. In native polyacrylamide electrophoresis the

banding pattern was highly species specific, even in closely

related congeners. In less closely related taxa, there was
little apparent relationship between phylogenetic affinity

and banding pattern.

Within a taxonomic group, pH dependence was the

most highly conserved and O : affinity was the most diverse

of the O : binding properties investigated. In congeneric
but not sibling species, O : affinity was more highly cor-

related with an environmental variable such as temper-
ature than with phylogenetic affinity. Only in very closely

related groups found in similar environments were dif-

ferent O : binding properties correlated with differences

in particular electrophoretic bands.

Introduction

Crustacean hemocyanins (Hcs) exist in vivo as hexamers

(1X6 monomers) and multiples of hexamers. most often

a pair (2 X 6-mers). Although the polypeptide composition
of both artificial and natural 1 X 6-mers can be homo-

geneous, the native blood in a species contains more than

one, and up to a dozen or more different, monomeric
chains (reviewed by Markl, 1986, and Markl and Decker,

1992; see also Callicott and Mangum, 1993: Mangum
and Greaves, unpub. data). This condition, which is

known as monomeric subunit heterogeneity, is a necessary

prerequisite to differences in polypeptide chain compo-
sition between individuals of a species, which is known
as monomeric subunit polymorphism.

Received 2 December 1991; accepted 3 October 1994.
* Author to whom correspondence should he addressed.

Using electrophoretic heterogeneity and immunological
relatedness in combination, Markl (1986) described dis-

tinct patterns of monomeric subunit composition in dif-

ferent arthropod families, both crustacean and arachnid.

He formulated three discrete immunological categories

of chains, designated alphas, betas, and gammas. When
separated by native polyacrylamide gel electrophoresis

(PAGE), members of each category exhibit migration rates

that are characteristic of their category.

Subunit composition can influence intrinsic O:
-

binding properties. Artificial components such as iso-

lated monomers (Jeffrey and Treacy, 1980) or homo-
hexamers of them (Johnson et ai, 1987) differ in O 2

binding. More important in the present context, the

respiratory properties of natural Hcs with different sub-

unit compositions can differ within a polymorphic spe-

cies or between sibling species. In addition, the differ-

ences can be attributed to particular chains and, in one

case, their effects on oligomerization (Mangum and

Rainer, 1988; Mangum et a/.. 1991; Mangum, 1993a,

b, 1 994). On the other hand, not all different He morphs,
either within or between species, have appreciably dif-

ferent functional properties (Mangum, 1993a, b).

Markl's ( 1 986) in vestigations were designed to elucidate

broad phylogenetic relationships of Hcs representing taxo-

nomic categories ranging from families to subphyla. Be-

cause his sample was composed of, at most, a few species

per family, the patterns he described may or may not be

characteristic of the families. Few interspecific compari-
sons of PAGE banding patterns, much less respiratory

properties, have been made under common experimental
conditions. In addition, the level of evolutionary diver-

gence at which subunit composition and respiratory

properties begin to differ is not known.

Here we present PAGE and Orbinding data for nine

taxonomic sets of crustaceans, primarily decapods, of

various degrees of relatedness. The taxonomic sets differ

385
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in their composition. The separation ranges from a natural

hybrid and its sibling parental species, to sibling species,

to nonsibling and also sympatric congeners, to different

genera, to closely related families.

Materials and Methods

The species investigated are listed in Table I. Most rep-

resentatives were collected and bled by the present authors.

Pagiirus impressus, P. lacustris, and Uca virens were pur-

chased from a commercial supplier and then bled by us.

The Pacific coast species of Cancer, the two species of

Chaceon and Menippe, and the Menippe hybrid were bled

by colleagues and the fresh material was shipped to us

within 24 h. Callinectes arcuatus, C. toxotes, Portimits

spinnemanus, Panopeus lacustrus. Cataleptodius flori-

danus, Uca inversa, and the two species of Gnathophausia
were bled by colleagues and the material was shipped to

us frozen.

Blood samples

Blood was taken from the infrabranchial sinuses into

a hypodermic syringe and allowed to clot in a tissue

grinder. Blood from all available individuals of a species

(see Table III for the actual numbers) was pooled. The

pool was then homogenized and centrifuged, and the clot

was discarded. A small aliquot of serum was frozen for

PAGE, and O2 binding of the remainder was determined

immediately.

Most of the O :-binding measurements were performed
within 1-2 days of bleeding, on material that had not been

frozen. Because freezing can lower cooperativity (Morris,

1988), we have chosen not to report cooperativity values

for most of the Hcs that had been frozen. We report values

for Callinectes arcuatus and C. toxotes, however, because

an investigation of Callinectes sapidits He revealed no

effect of similarly brief periods of freezing (Mangum el

al, 1991).

Electrophoresis

The frozen material was thawed, and its He concen-

tration was estimated by absorbance of dissociated sub-

units at i. .;-iive site (338 nm). It was then diluted to

about 5 mg . with a buffer (0.05 mol 1~' Tris

+ 0.05 moll \. PH 8.9) that dissociates native

oligomers into th nstituent monomers. The He
monomers were then v.-puruled by native PAGE; the gels,

reagents, and other conditions were those detailed by
Hames and Rickwood (1985). This is the most sensitive

procedure available for separating the monomers of these

proteins; for comparison with alternative methods, please

see Markl el al. (1979), Brenowitz et al. (1981), and

Stocker el al (1988).

In most cases, the best separation was obtained on

12.5% gels. Higher and lower gel concentrations were also

employed when we encountered dense bands that sug-

gested more than one chain with similar migration rates.

Three or more amounts of He were first examined to

determine the optimal level for each species; the level

chosen was similar within a taxonomic set, but it differed

between sets. The Hcs from each set were subsequently

analyzed on the same gel.

Most gels were stained with Coomassie Blue alone. After

the banding pattern for a species was ascertained, a gel

was prepared for the detection of Cu in the bands. The

presence ofCu was examined by noting the quenching of

fluorescence generated by bathocuproine sulfonate

(Bruyninckx et ai. 1978). In the present investigation,

EDTA was omitted from the dissociating buffer (N.B.

Terwilliger, pers. comm.). Due to the lower sensitivity of

the bathocuproine sulfonate procedure, the He concen-

tration was raised by a factor of 6. The positions of the

Cu-positive bands were marked and the gels were then

stained with Coomassie Blue to verify their correspon-

dence to those previously noted with Coomassie Blue

alone.

The number of bands in a species was ascertained by
visual inspection of the gels on a light table. In most spe-

cies, the relative amounts of material in each band were

estimated from densitometric scans. A few species were

investigated in a laboratory in which no densitometer was

available. Gels were initially scanned with a Gelman in-

tegrating densitometer. Although the width of the scan

produced by this instrument is not adjustable, it gave the

best resolution of the individual peaks. It expresses the

area of each peak as an integram (a number of spikes that

varies directly with peak area), which permits calculation

of the percentage of the total material. These calculations

(in Table II) include only the Cu-positive material. To
aid in the examination of gel photographs, additional scans

were made with a Shimadzu densitometer. The widths of

these scans were precisely compressed so that the peaks

were aligned with their corresponding bands on the gel.

Photographs of the gels and their corresponding scans can

be found in Reese (1989).

O: binding

Hcs were stripped of organic modulators by 12 h di-

alysis with Spectrapor high-speed membranes, against a

physiological saline. Where possible, the saline was based

on the ionic composition of a blood representative of a

taxonomic set. If no information on ionic composition

was available, seawater was used. The dialyzed Hcs were

then diluted to the optimal absorbance range with

0.05 mol 1

'

Tris-buftered saline, and the pH was adjusted

with HC1 and NaOH.
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Table I

The classification, geographic distribution and habitats of the species

Species Habitat Geographic Range

Order Decapoda
Infraorder Anomura

Family Diogenidae

Clibinanus vittatus (Bosc)

Family Paguridae

Pagtirus impressus (Benedict)

Pagiirus longicarpus Say

Pagunts pollicaris (Say)

Infraorder Brachyura

Family Cancridae

Cancer antennarius Stimpson

Cancer anthonyii Rathbun

Cancer boreahs Stimpson

Cancer irroralns Say

Cancer magister (Dana)

Cancer productiis (Randall)

Family Geryonidae

Chaceon jennen (Manning & Holthius)

Chaceon quinquedens (Smith)

Family Grapsidae

Sesarma cinereum (Bosc)

Sesanna reticulatum (Say)

Family Majidae

Libinia dubm H. Milne-Edwards

Libinia emarginata (Leach)

Family Ocypodidae

Ocypode quadrala (Fabricius)

Uca crenitlala coloradensis (Lockington)

L'ca inversa Hoffman

L'ca musica mttsica Rathbun

Uca princeps monilifera Crane

Uca pugilalor (Bosc)

Uca pugnax (Smith)

Uca minax (Le Conte)

Uca virens (Salmon & Atsaides)

Family Portunidae

Ovalipes ace//alus (Herbst)

Portuniii gibbesii (Stimpson)

Portunus spmimanus (Latreille)

Callinectes arcuatus Ordway
Cal/inecles bellicosus Stimpson

Callinectes ornalus Ordway
Callinectes sapidus Rathbun

Callinectes similis Williams

Callinectes toxoies Ordway

Family Xanthidae

Menippe adina Williams & Felder

Menippc mercenaria (Say)

Hybrid

Panopeus herbstii H. Milne-Edwards

Panopeits obesus (Smith)

Panopeus lacustris Desbonne

Eurypanopeus depressus (Smith)

Cataleplodius flondanus

(Gibbes)

Order Mysidacea

Gnathophausia gigas (Willemoes-suhmj

Gnathophausia ingens (Dorhn)

subtidal. to 22 m

subtidal, I to 33 m
intertidal to 200 m
subtidal to 200 m

to 20 m
to 20 m

intertidal to 800 m
subtidal, to 575 m
shallow subtidal

shallow subtidal

300 m +

300 to 700 m +

semiterrestrial

semiterrestrial

subtidal, to 46 m
subtidal, to 49 m

semiterrestrial

semiterrestrial

semiterrestrial

semiterrestrial

semiterrestrial

semiterrestrial

semiterrestrial

semiterrestnal

semiterrestrial

subtidal,

subtidal,

subtidal,

subtidal,

subtidal.

subtidal,

subtidal,

subtidal.

subtidal.

to 95 m
to 393 m
to 9 1 m
to 28 m
to 18 m
to 75 m
to 90 m
to 392 m
to 27 m

shallow subtidal

subtidal. to 54 m

intertidal, to 22 m
intertidal

intertidal to shallow

subtidal

intertidal to 48 m
intertidal

mesopelagic

mesopelagic

Virginia to Brazil

North Carolina to Florida

Massachusetts to Florida

New Brunswick to Florida

British Columbia to Baja California

Monterey Bay to Gulf of Baja California

Nova Scotia to Florida

Labrador to Florida

Aleutians to Monterey Bay

Kodiak to Baja California

Gulf of Mexico

Gulf of Mexico

Maryland to Mexico

Massachusetts to Florida

Massachusetts to Cuba

Novia Scotia to Gulf of Mexico

Rhode Island to Brazil

Gulf of Baja California

Indian Ocean and Arabian Sea from Natal to Pakistan

Baja California to San Bias

Gulf of Baja California

Massachusetts to Florida

Massachusetts to Florida

Massachusetts to Florida

Florida to Mexico

Northumberland Straits to Georgia

Ma. to Gulf of Mexico; French Guiana

New Jersey to Brazil

Southern California to Peru

San Diego to Matzatlan

Virginia to Brazil

Nova Scotia to Argentina

Delaware Bay to Colombia

Baja California to Peru

Northern and western Gulf of Mexico

North Carolina to Mexico; Jamaica

Northwestern Florida

Massachusetts to Brazil

North Carolina to Florida

Bermuda, southern Florida to Brazil

Massachusetts to tropics

Bermuda, southern Florida to Brazil

North Pacific Ocean

North Pacific Ocean
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O : binding of all but a few Hcs was determined tono-

metrically at atmospheric pressure (Burnett, 1979), with

precision mixed, humidified gases passed through tonom-

eters in a rapidly shaken water bath ( <0.5C); absor-

bance was determined with a Milton Roy Spectronic 501

spectrophotometer. The remaining Hcs, designated as

such in Figure 2 and Table III, were examined with the

cell respiration procedure (Mangum and Lykkeboe, 1979).

In both cases P50 and n 50 were estimated from Hill plots,

using linear regions of the data in the region of 50% ox-

ygenation. Bohr plots (log P50 vs. pH) were described by

regression lines, and 95% confidence intervals were con-

structed around the lines and their slopes. Many of the

data sets differ significantly throughout the pH range ex-

amined; a smaller number are statistically indistinguish-

able throughout the range examined. These relationships

are clear from the Bohr plots. Many, however, differ sig-

nificantly in only a portion of the pH range, which is

indicated in the Results section. Cooperativity values were

compared by using a Student's t test.

//; vivo respiratory variables

Blood was taken anaerobically into a hypodermic sy-

ringe from the pericardia! and infrabranchial sinuses, and

pH and PO2 were measured with a Radiometer BMS1
Blood Gas System. Because the samples were often small,

the suction line was disconnected from the pH capillary

electrode, and a syringe was used instead to position the

material.

Results

He subunit composition

We have attempted to accurately represent the species

investigated by choosing high-frequency phenotypes for

those known to be polymorphic (Mangum, 1990, 1993a;

Callicott and Mangum, 1993; Mangum and Greaves, un-

pub. data; C. P. Mangum and K. T. White, unpub. data).

As discussed below, in no case known thus far can a morph
of one species be confused with a morph in another. We
note that one species (Cancer proditctus) is polymorphic

(Wache ct ai, 1988), but the polymorphism has not been

characteriz In all likelihood, other members of our

sample wili o prove to be polymorphic.

Figures 1A B summarize the banding patterns

found in each nd allow direct comparison of the

electrophoretic beh k>r of the monomers composing
most of the Hcs in < -.ample. A few species were inves-

tigated after these gels were prepared; they are shown in

Fig. 1C. All bands were assigned numbers in order from

the top (anode) Eo the bottom (cathode) of the gel, with

no implication that the same number in different species

reflects co-migration. The relative amounts of the Cu-

containing bands in each species are given in Table II.

1 . Anomwan hermit crabs: Diogenidae and Paguridae.

The He of the diogenid Clibinarius vittatits consistently

exhibited two electrophoretic bands in apparently equal

quantities. Visual inspection of the gels clearly revealed

a light area in the middle and a corresponding constriction

at the edges of the single dark band in Fig. 1A (lane 1);

however, the separation does not show in this photograph.

Regardless, the pattern differed unambiguously from that

of the three pagurid Hcs, each of which had additional

bands (Fig. 1 , lanes 2-4). Most bands in the pagurids were

more cathodic than those in C. vittatus. Each pagurid

species clearly contained at least one band that did not

co-migrate with a band found in the others. Although

several of the bands in C. vittatus. P. pollicarus, and P.

longicarpm did co-migrate, the proportions of the co-mi-

grants differ considerably (Table II).

2. Brachyurans: Cancridae. The subunit compositions

of the Cancer Hcs did not resemble one another very

closely (Fig. IB, lanes 1-6). Thus, it is unlikely that a

morph of C. productus will prove to resemble that of any

other species. C. borealis and irroratus Hcs each separated

into three different bands, whereas anthonyi and productus

Hcs separated into four, and antennarius and magister

Hcs separated into five bands (see also Larsen el al.. 198 1 ).

Each He exhibited electrophoretically unique bands.

As in Cancer pagiirus (Markl, 1986), the bands in

the present sample of cancrids fell into three more or

less distinct groups: an anodic group, an intermediate

group, and a cathodic group. They may correspond to

Markl's ( 1986) immunological categories, in the order

beta, alpha, gamma. Within each group, some of the

bands migrated at identical rates, and the migration

rates of others differed only slightly. In all cases, how-

ever, the proportions of the co-migrants are consider-

ably different (Table II).

3. Grapsidae. Sesarma cinereum He separated into two

bands, whereas 5. reticulatiim He separated into three

(Fig. 1A, lanes 13-14). Only band 2 in each species co-

migrated.

4. Afajidae. The Hcs of Libinia dubia and emarginata

each exhibited four bands (Fig. IB, lanes 9-10). In both

species the most cathodic band predominated. Moreover,

the position of this predominant band was quite different

in each species, although some of the minor bands co-

migrated.

5. Ocypodidae. Ocypode quadrata He (Fig. 1A, lane

19) contained four distinct bands (see also Markl. 1986;

Johnson, 1987), none of which co-migrated with any

bands found in the genus Uca (Figs. 1A, lanes 15-18, and

Fig. 1C, lanes 5-7). The present material from U. pugi-

lator, U. pugnax, and U. virens all contained four Cu-

positive bands that migrated similarly but not exactly.

The relative amounts of material are quite distinct in each

species (Table II). Despite repeated attempts and with dif-



INTERSPECIFIC RELATIONSHIPS OF HEMOCYANINS

A

389

444254 462 34234 1 444

PPCEPPPMMMSSUUUl)^ C P P P C E P P P M M M S S U U U U

v p | j f d I o h a a m c r v m p p q

, 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

G
.

G b

C C C
g '

L L C C C C C P P I C

a p m Ndfstaogsc!
'

23456 789 10 11 12 13 14 15 16 17 18 19 20

vpijfdlohaamcrvmppqm

, 234S678910H 12 13 14 15 16 17 18 19

Q

+ 33454 sGG 445565676 565
"ands

C C C C C C
g '

L L C C C C C P P C C

biaapm edsstaogsofq

1 23456 78 ,0 11 12 13 14 15 16 17 18 19 20

-

U U

m p
m m

* fl
1 2 3

C C

b b

U U

m p
m fn

Figure I. Native PAGE banding patterns of dissociated hemocyanins examined in the present investi-

gation. Left: Photographs of gels summarizing the nine taxonomic clusters. Lane nos. at bottom. Right:

Diagrammatic representations of photographs. Lane nos. at bottom. Number of Cu-positive (Cu +) bands

at top. Cu-negative bands are blackened.

Panel A. from left to right beginning with lane 1: [1] Clibinariux villains. [2] Pagurus pollicaris, [3] P.

longicarpux, [4] P. impressus. [5] Caialeptodius flaridanus. [6] Eurypanopeus depressus. [7] Panopeits lacustris,

[8] P ohemix. [9] P. herbslii, [10] Mcnippc adina. [11] Menippe adlna-mercenaria hybrid, [12] A/, mercenaria.

[13] Sesarma cinereum, [14] S. reticulalum. [15] L'ca virens. [16] t'. minax. [17] I', pugnax. [18] V pugilalor.

[19] Ocypode quadrala.

Panel B, left to right: [1] Cancer borealis, [2] C irroratm. [3] C. anthonyi. [4] C. antennarius. [5] C
producing. [6] C. magisier, [7] Gnathophausia gigas, [8] G. ingens. [9] Libinia emarginata, [10] L dubia.

[1 1] Callinectes sapidns. [12] C .V//H///.V. [13] C. toxotes, [14] C arena/us, [15] C ornattis. [16] Porlunus

gibbesu. [17] P. spinncmanus, [18] Ovalipes ocellatus. [19] Chaceonfenneri. [20] C. quinquedens.

Panel C. left to right: Callinecies hellicosus (high cone.). C bellicosus (low cone.), C toxotes (high). C.

Mvii/i'v (low). tVa im-cr\u. L'. musica musica. L'. princeps monilifera.

ferent gel concentrations, we were unable to demonstrate

more than one Cu-positive band in t'. minax He, although

several additional bands that were not Cu-positive clearly

appeared on the gels.

Hcs from C'. musica musica. U. princeps monilifera,

and U. inversa were electrophoresed on the same gel with

material from U. pugilator (Mangum, 1993a; Callicott

and Mangum, 1993) to ascertain relative positions of the

bands. U. musica musica He separated into eight bands.

U. princeps monilifera He separated into seven bands,

and U. inversa He separated into four bands (Fig. 1C,

lanes 5-7). The major bands were diagnostic of each
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Table II

Ri'latirc amounts f^) ofelectrophoretic hands

Species (abb; #1*
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7-8) that we chose not to characterize the handing patterns

further. The gels are included in Fig. 1 B to call attention

to the distinctive behavior. The He hands migrated at a

much slower rate than any of the other Hcs, all from

decapods. Investigation of better preserved material would

be of interest.

O: binding

Bohr plots of the data for each species are shown in

Figure 2. Values for the Bohr factor, obtained as the slopes

of the regression lines in Figure 2, are given in Table III,

along with estimates of cooperativity.

1 . Diogenidae and Pagnridae. O : affinity of the four

anomuran Hcs (Fig. 2: Table III. lines 1-4) differs sig-

nificantly throughout most of the pH range examined,

although the difference between P. impressus and P.

pollicarus Hcs disappears at low pH. The Bohr factor

for Clibinarius vittatus He differs considerably from

those for P. longicarpus and P. pollicarus Hcs. which

also differ significantly from one another (Table III. lines

1-4). Although the estimate of cooperativity for C. vit-

latus He is distinctive as well, the values for the three

pagurids do not differ significantly from one another

(Table III, lines 2-4).

2. Geryomdae. Majidae. Grapsidae. and Mysidacea.

The Hcs of the two members of each congeneric pair of

crabs had O : affinities that differ significantly from one

another throughout the pH range examined (Fig. 2). The

two mysid Hcs also differ, but only at high pH. We report

these values, despite the poor condition of the material,

primarily because they closely resemble the results for

fresh (as well as previously frozen) material from G. ingens

(Sanders and Childress, 1990). Only in the grapsids do

values for cooperativity and pH dependence differ signif-

icantly (Table III, lines 11-12. 13-14. 39-40. and 4 1-42).

3. Ocypodidae. In Ocypode quadrala, O2
.affinity dif-

fered significantly from that in the Uca species, either

above pH 7.2 (pugilator and princeps monilifera) or

throughout the pH range examined (all other species). In

the genus L'ca. He O : affinities were generally distinctive

but often become indistinguishable at high pH. Of par-

ticular interest (see Discussion) is a difference between

Uca pugnax and virens below pH 7.4.

Bohr factors are fairly diverse (Table III. lines 15-21 ).

If the values are arranged in series, each differs from all

others except the next higher or lower one. The cooper-

ativity figures fall into two significantly different groups:

( 1 ) the three lowest ( U. minax. pugnax, and virens) and

(2) the four highest (other) values.

4. C'ancridae. He O : affinities were more alike in this

than in any other genus. In 23 of the 30 possible inter-

specific comparisons between the six cancrid Hcs, the O2

affinity data are indistinguishable. In no case do the values

differ significantly throughout the pH range investigated.

In addition, the few significant differences are small from

a physiological point of view. All Bohr factors are statis-

tically indistinguishable except those for C. magisterand
irroratus Hcs (Table III, lines 5-10). The cooperativity

values, however, differ significantly in all comparisons ex-

cept that of C. productus with either magister or irroratus.

5. Portunidae. In the following comparisons, the O 2

affinity data are statistically indistinguishable throughout

the pH range examined: ( 1 ) Callinectes similis and sapi-

dus. (2) C. arcnatus and toxotes, and (3) C. ornatus, Ova-

lipes ocellatus, and Portimus spinnemanus. O2 affinity of

O. ocellatus He differs from P. gibbesii He only above pH
7.4: in the remaining comparisons O 2 affinity differs sig-

nificantly, either throughout the pH range or at all but

the two pH extremes.

Bohr factors (Table III, lines 22-30) for the two most

pH-sensitive Hcs (C. arciiatus and toxotes) differ sig-

nificantly from those for the two least pH-sensitive Hcs

(P. spinnemanus and C. ornatus): the Bohr factors for

C. arciiatus and toxotes also differ significantly from

the value for C sapidus. The remaining values are not

significantly different. Most of the cooperativity values

are statistically homogeneous, even though Callinectes

arciiatus and toxotes Hcs had been frozen and the others

had not. The values for C. ornatus and similis Hcs,

which do not differ from one another, are both signif-

icantly larger than the rest.

6. Xanihidue. The O2 affinity values for Cataleptodius

floridanus and Eurypanopeus depressus Hcs are statisti-

cally indistinguishable throughout the pH range exam-

ined, as are those for the two species ofMenippe. C. flori-

danus He differed significantly from that for M. mercen-

aria except at high pH. and the Menippe hybrid He dif-

fered from the two parent species except at low pH. The

difference between Panopeus herhstii and obesus He O2

affinities becomes insignificant at pH 8.

Many of the Bohr factors (Table III. lines 31-38) do

not differ significantly, the exceptions being ( 1 ) P. lacustris

He, which is different from any other, (2) P. herbstii He,

which differs from E. depressus and the three Menippe
Hcs, and (3) the Menippe hybrid He. which differs from

M. adina. The cooperativity values for M. adina and the

Menippe hybrid Hcs do not differ significantly from one

another. Both differ from M mercenaria He, although

the differences are small. The cooperativity value for P.

ohesus He is significantly greater than that for E. depressus

He, again by a small margin: neither differs from P. herbs-

til He.

Blood PO: ami pi I

The information required to assess the physiological

importance of different O : binding properties is available
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in the literature for either a single member of the taxo-

nomic sets examined here or more than one member, but

not under common environmental conditions.

In Table IV. data obtained under conditions very sim-

ilar to those of the O; binding measurements are shown

for several of the mud and fiddler crabs in our sample. In

all cases the predicted oxygenation at the gill appears to

be essentially complete even though experimental tem-

peratures were fairly high. Although the predicted deoxy-

genation at the tissues is appreciable in most of the species,

the venous reserve is high in both Uca minax and U.

pugnax. perhaps because these very active runners were

held in small aquaria that constrained locomotion.

Discussion

Sitbimit composition

The clearest findings of the survey of electrophoretic

separation of crustacean He subunits are ( 1 ) The PAGE
banding patterns are highly species specific, and (2) above

the level of sibling species, the PAGE banding patterns

are not especially characteristic of a taxon.

The specificity is best illustrated by following inter-

specific examples in which morphological differences

are small, suggesting that divergence of the He O :

transport system may occur quite early in speciation.

As a first example, Callinectes bellicosm is regarded as

difficult to distinguish from C. toxotes (Brusca, 1990).

Their essentially non-overlapping but contiguous geo-

graphic ranges (Table I) raise the possibility that they

are siblings; several bands in these two species co-mi-

grated. C. similis is exceptionally difficult to distinguish

from C. ornatus (Ruppert and Fox, 1988), although in

this case the geographic ranges do overlap. In both cases,

the differences in subunit composition are unambigu-

ous, qualitative, and far greater than the differences be-

tween the He morphs found within Callinectes sapidus

(deFuretal.. 1990; Mangum, 1994).

As a second example, Williams ( 1983) has shown that

Panopeus herbstii (sensu lato Rathbun) is in fact a com-

plex of no less than six cryptic species, which can be dis-

tinguished by careful morphological examination as well

as ecological preference (Reames and Williams, 1983;

Williams, 1983). Sullivan et al. (1983) reported that at

least four of the six differ in He subunit composition (the

other two were not examined). Our data for P. herbstii

sensu stricto H. Milne Edwards, obesus, and lacustris

strongly support this conclusion. Sullivan et al. (1983)

briefly mentioned the existence of intraspecific polymor-

phism in P. herbstii. Although we have not yet completed

our own investigation of this species, data for hundreds

of individuals from the same locality and others as well

Figure 2. O; binding of hemocyanins examined here. 20C, tonometric method, unless specified otherwise

Panel 1: Diogenidae and Paguridae. CHbinanus villains ( ), Pagurus impressus (E3), P. po/licari.s (*), P.

longicarpus (). 0.05 mol 1"' Tris-buffered saline containing 460 mmol 1
' NaCl, llmmoll 1 KG,

13 mmol I"' CaG 2 , 20 mmol T 1

MgCl 2 , 29 mmol T' NaSO4 and 3 mmol I'
1 NaHCO,.

Panel 2: Geryonidae. Chaceon fenneri (), C. quinquedens (A). 0.05 mol 1~' Tris-buffered saline containing

455 mmol I'
1

NaCl, 1 1 mmol 1"' KG, 13 mmol r 1 CaG 2 , 18 mmol I'
1 MgG 2 . 22 mmol I'

1 Na2SO4 and

3mmoir'NaHCO3 .

Panel 3: Ocypodidae. Uca crenulata coloradensis (). U. minax (O), U. princeps moni/ifera (A), U. pugilator

(0), U. pugnax(t), U. \irens (). Ocypode quadrata (A). The data for V crenulaia colnradensis and princeps

monilifera were collected with the cell respiration method. 0.05 moll" 1 Tris-buffered saline containing

383 mmol I'
1

NaCl, 1 1 mmol r 1

KCI, 1 1 mmol r 1 CaCl 2 , 45 mmol r 1

MgCU, 40 mmol T 1 Na2SO4 and

3 mmol r 1 NaHCO 3 .

Panel 4: Majidae. Libinia duhia (CD), L emarginata (*). 0.05 mol 1~' Tris-buffered saline containing

350 mmol r 1

NaCl, 8 mmol r 1 KG, 10 mmol I'
1 CaG 2 . 42 mmol I'

1 MgSO4 and 3 mmol I'
1 NaHCO 3 .

Panel 5: Mycidacea. Gnathophaiisia gigas (H), G ingens (*). Buffered saline as in panel 2.

Panel 6: Cancndae. Cancer antennarius (D), C anthonyi (). C. borealis (E), C irroratits ( *), C. productus

(X). 0.05 mol I"
1

Tris-buffered saline containing 441 mmol r' NaCl, 15 mmol I'
1 KG. 11 mmolT'CaG,,

40 mmol I'
1 MgG 2 , 10 mmol r' Na 2SO4 and 3 mmol I'

1 NaHCO3 .

Panel 7: Portunidae. Callinectes arcuatus (D), C. bellicosm (), C. ornatus (V), C. sapidus (), C. similis

(A), C. toxotes (T). Data collected at 25C with the cell respiration method. Buffered saline as in panel 2.

Panel 8: Portunidae. Ovalipes ocellalus (D), Portunus spmnemanus (*), P gibbesii (). Buffered saline

as in panel 2.

Panel 9: Xanthidae. Menippe adina (+), M. mercenaria(B).M. adina-mercenaria hybrid (). 0.05 mol I*
1

Tris-buffered saline containing 350 mmol I'
1

NaCl, 7 mmol I"
1 KG. 1 1 mmol r 1 CaG 2 , 33 mmol T 1 MgG 2 ,

20 mmol r 1 Na2SO4 and 3 mmol T' NaHCO 3 .

Panel 10: Xanthidae. Cataleptodiiis floridanm (). Eurypanopeiis depressiis (D), Panopeus herbstii (*).

P. lacustris ('".), P. obesus (D). Buffered saline as in panel 9.

Panel 1 1: Grapsidae. Sesanna cinereum (D), S. reticulalum (*). 0.05 mol 1~' Tns-buffered saline containing

383 moir' NaCl, 11 mmoir 1 KG, 16 mmol r 1 CaCI 2 , 45 mmol r 1 MgG 2 , 40 mmol r 1 Na 2SO4 and

3 mmol r 1

NaHCOj.
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Table III

Bohrfactors and cooperalivity values

J. E. REESE AND C. P. MANGUM

Species

Number of Bohr Factor

individuals Alog p/^pH Cooperativity

(n) (95% CI) n 50 (x SE)

Order Decapoda

Infraorder Anomura
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Table IV

In vivo respiratory variables (23C)

Species Medium PaO, PvO, PaH PvH

(Torr)

a =
posthranchial, v =

prebranchial. Mean SE ()
* From Mangum (1973).

Hca 2 HcvO,

Family Ocypodidae
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In general, O2 affinity appeared to be more closely re-

lated to thermal properties of the environment than to

subunit composition. The family Cancridae, for example,

with its similar O 2 affinities and dissimilar subunit pat-

terns, is essentially a boreal to temperate zone family,

with its species found in offshore, colder waters of the

latter; O : affinity was uniformly low. In contrast, Ca/li-

nectes. with its widely differing O : affinities, is believed

to be a genus that is of tropical origin and is rapidly spe-

ciating northwards; O 2 affinity was lower in the more

northern and higher in the more southern species. The

decreasing O 2 affinity with increasing latitude in some of

the species of Panopem and Uca also supports this hy-

pothesis. Although the low O2 affinities in the southeastern

Atlantic coast species of Chaceon might appear to be ex-

ceptional, in fact both inhabit offshore, cold waters. In

addition, the species with the lower He O2 affinity is found

at the greater depths and thus at the lower temperature.

In these examples, O2 affinities differ less at mean envi-

ronmental temperatures than they would if P50 values were

identical (see also Mangum, 1982; Mauro and Mangum.
1982). Moreover, the existence of very similar respiratory

properties in quite distantly related species indicates se-

lection for common functional properties, which can be

brought about by very different He monomers.

We do not intend to suggest that environmental tem-

perature is the sole selection pressure on intrinsic O 2 af-

finity, or even that the environment is the sole determi-

nant. A thermal interpretation is not consistent with the

geographic ranges of the two species of grapsids or the

three temperate zone species of Uca. According to Foth-

eringham and Brunenmeister ( 1975), the grapsid Sesarma

reticulation, which had the higher He O 2 affinity, carries

on gas exchange in the (perhaps hypoxic) water filling a

deep burrow, whereas S. cincrciim. with its lower O2 af-

finity, is basically an air-breather with a larger gill surface

area than its congener. The difference between Uca pug-

ilalorand U. pugnax, however, is fairly large despite sim-

ilar branchial surface areas (Pearse, 1950) and geographic

ranges. In this case burrow PO2 may differentiate the sand

(U. pitgilator) and the mud (U. pugnax) fiddler crabs.
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Abstract. The rates ofoxygen consumption by embryos

of antarctic echinoderms (Acodontaster hodgsoni, Odon-

taster validus, Psi/asler charcoti. and Sterechinus neu-

maveri) were compared to the biomass (ash-free dry or-

ganic weight) of the egg of each species. These species

could survive for months to years (range: 10 months to

5 years) by relying solely on the reserves present in the

egg. However, certain species did not use any of the egg's

reserves during early development. Embryonic stages of

O. validus (a species with planktotrophic larvae) did not

decrease in lipid, protein, or total biomass during the first

35 days of development. During the first 42 days of

development, embryos of A. hodgsoni (a species with

lecithotrophic development) used protein as an energy

source. For both species lipid composed 40 to 50% of egg

biomass, but was not used as an energy reserve. Larvae

of O. validus have a high-affinity transport system for

amino acids dissolved in seawater (K,
= 1.3 tiM for ala-

nine). The rate of alanine transport from a low concen-

tration (50 nM) could supply 32% of the larva's metabolic

needs. This is a 10-fold higher input to metabolism than

was determined (3% at 50 nM) for larvae of a temperate

asteroid, Asterina minima. Larvae of antarctic echino-

derms live in an environment where the food supply is

low for mosi he year. Relative to their metabolic rates,

antarctic larva^ 'me larger energy stores and plankto-

trophic larvae haw higher nutrient transport capacities

when compared to larvae from temperate regions. These

physiological differences allow antarctic larvae to survive

for long periods without particulate food.
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Introduction

Many species of marine invertebrates in Antarctica have

lecithotrophic (nonfeeding) stages of development (Pearse

etui. 1991). For antarctic species that have planktotrophic

(particle-feeding) larvae, the strategies for survival in a

low-food environment remain unknown. For example,

Odontaster validus is a very abundant echinoderm (as-

teroid) in McMurdo Sound, Antarctica, and has a plank-

totrophic larval stage (Pearse. 1969). The adults spawn in

austral winter (June-September: Pearse et a/., 1991) and

larvae are present for several months in a water column

that has very low concentrations of phytoplankton (ca.

0.01 Mg chlorophyll a I'
1

, Rivkin, 1991). Yet, when cul-

tured in situ in the water column, larvae of this species

survive for weeks to months (Olson et ai. 1987) prior to

the phytoplankton bloom of austral summer (December-

January, Rivkin, 1991).

The present study was undertaken to determine the

physiological bases for the survival of antarctic echino-

derm larvae living under low-food conditions. It has been

suggested that, in the near-absence of algae, larvae of ant-

arctic echinoderms could be using other sources of food,

such as bacteria or organic material dissolved in seawater

(Rivkin et ai, 1986). In addition, larvae could be endowed

with large amounts of energy reserves from the egg. This

would permit survival in a nutrient-poor water column

if the larvae have lower metabolic rates (cf. temperate lar-

val forms) and correspondingly lower rates of utilization

of energy reserves. In the present study, egg mass and

metabolic rates were measured for four species of antarctic

echinoderms to allow for a calculation of life span in the

absence of any exogenous food source. Embryos ofAco-

dontaster hodgsoni (a species with lecithotrophic devel-

opment) and O. validus were also cultured through em-
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bryogenesis to determine actual rates of utilization of bio-

mass (ash-free dry organic weight) and energy reserves

(lipid and protein content). To assess the possible role of

dissolved organic material as a source of nutrition for lar-

vae, the mass-specific rates of amino acid transport from

seawater were compared with the mass-specific metabolic

rates of larvae. These physiological processes (amino

acid transport and metabolic rate) were measured for

larvae of O. validus and compared to the measurements

made for similar larvae of a temperate asteroid (Asterina

miniata).

Materials and Methods

Culturing oj embryos and larvae

Adult echinoderms were collected using scuba from

several locations in McMurdo Sound, Antarctica, during

austral spring (asteroids: Acodontaster hodgsoni, Odont-

aster validus, Perknaster fuscus, Psilaster charcoti; and

the echinoid, Sterechinus neumayeri). Prior to spawning,

adults were maintained in ambient seawater (on sea tables)

for up to 2 weeks in the aquarium at McMurdo Station.

Gametes were obtained from adult asteroids by intracoe-

lomic injection of 1 mA/ 1-methyladenine. Gametes from

sea urchins were obtained by intracoelomic injection of

0.5 M KG. Fertilized eggs of the antarctic species were

suspended in 200-1 vessels (Nalgene) of filtered seawater

(0.2 jim pore-size). Eggs (and later the embryos and larvae)

were kept in suspension by mixing the cultures with ver-

tically moving Plexiglas paddles driven by electric motors

set at slow speeds (5-10 rpm). Low concentrations of in-

dividuals were maintained in the culture vessels (e.g., O.

validus was cultured at 2-3 individuals mr 1 and A. hodg-

soni at 0.1 individuals mr 1

). The temperature of the cul-

tures was maintained by immersing the 200-1 culture ves-

sels in tanks of flowing ambient seawater (mean temper-

ature of - 1 .2C). The culture seawater was replaced every

4 to 5 days with newly filtered seawater, at which time

the vessels were cleaned by acid-washing. For O. validus,

one batch of eggs (a total of 1.5 million eggs obtained

from several females) was divided equally among three

replicate 200-1 culture vessels to ensure sufficient numbers

of individuals in each vessel for measurements of biomass,

biochemical composition, and metabolic rates. Embryos
and larvae of the temperate species (Asterina miniata)

were cultured in California at 14C. Gametes of this spe-

cies were obtained from ripe adults purchased from Mar-

inus Inc., Long Beach, California.

Biochemical composition ofantarctic eggs (4 species)

and changes in biomass during early development

ofA. hodgsoni and O. validus

Prior to sampling, all of the embryos or larvae from a

single culture were slowly siphoned from the culture vessel

and concentrated onto a nylon screen (80 ^m, mesh size)

that was partially immersed in ambient seawater. At each

change of seawater, three to six samples were taken for

the measurement of biomass (ash-free dry organic weight)

and an additional three samples were taken for biochem-

ical composition (lipid and protein content). Salts were

removed from the samples using serial washes of an am-

monium formate solution (methods described previously

by Jaeckle and Manahan, 1989). Protein content was

measured with the Bradford assay (1976). Trichloroacetic

acid-insoluble protein was dissolved by heating (60C)
the protein pellet in 1 A/NaOH (aq.). This method results

in a close (7%) approximation of the absolute amount of

protein, as determined by measuring with high-perfor-

mance liquid chromatography the total amino acid con-

tent of acid-hydrolyzed protein homogenates of larvae

(Manahan el a/., unpub. obs.). Lipid was measured ac-

cording to Mann and Gallager (1985). Carbohydrate con-

tent was not measured in our studies because carbohydrate

is a low percentage (2-4%) of the total organic material

in eggs of antarctic echinoderms (McClintock and Pearse,

1986), as has been reported for eggs and larvae of other

species of marine invertebrate (Holland, 1978).

Metabolic rates oj embryos and larvae

Rates of oxygen consumption were measured using

Strathkelvin (Glasgow, U.K.) polarographic oxygen sen-

sors (Model 1302) that were connected to oxygen meters

(Model 78 1 ). The output (as volts) from each meter was

recorded by an IBM computer using a software package

for data acquisition and analysis (Datacan, Sable Systems

Inc., Los Angeles, California). Two or three respiration

chambers (Strathkelvin, Model RC 200) were used si-

multaneously and two to six independent measurements

of respiration were made using different groups ofembryos

or larvae at the same stage of development.

Rates of oxygen consumption were measured for the

antarctic species at either - 1 .4C or -2.0C (see Results

for corresponding temperature and experiment). Oxygen

consumption was measured on the same day that samples

were taken for biomass and biochemical composition, or

when rates of alanine transport were determined. Prior

to any series of measurements on a given day, the respi-

ration chamber and the membrane of the oxygen sensor

were washed with 75% ethanol to minimize bacterial ac-

tivity, and then rinsed four times with filtered seawater.

At temperatures of -1.4 or -2.0C, the oxygen sensors

took an average of2-3 h to stabilize when filtered seawater

(with no animals added) was present in the respiration

chamber. To obtain reliable data for the antarctic species,

all respiration rates were determined only when at least

2 h had elapsed after the animals were placed into the

respiration chamber. Rates of oxygen consumption for
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(A) O. validus (B) S. neumayeri
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ing was recorded from the oxygen sensor placed in each

BOD bottle containing reduced oxygen and the actual

amount of oxygen present in each seawater sample was
then measured chemically with Winkler's titration. The
decrease in the oxygen content ofseawater measured with

the sensors was not significantly different from the de-

crease as measured independently by Winkler's titration

(least-squares linear regression analysis, variance ratio of

slope
= 0.35

ns
, n =

7).

Measurement ofalanine transport rates by antarctic and

temperate larvae

Time course experiments were done at a range of dif-

ferent alanine concentrations to determine the kinetics

of amino acid transport by larvae of O validus (at

-2.0C) and A. miniata (at 12.0C) (methods previously
described by Manahan ct ai. 1989). Radioactive alanine

(

3
H-alanine, 84 Ci mmol" 1

. New England Nuclear) was
added (2 or 5 /*Ci) to 10 ml of seawater in the presence
of a range of concentrations (0.1-100 fiM) of nonra-

dioactive alanine (Sigma Chemical Co.). Aliquots (500 /ul)

containing larvae (O. validus: 222 ml" 1

; A. miniata:

322 ml" 1

) were taken from the 10-ml vial every 2 min for

20 min. The transport rate ofalanine at a given concen-

tration was calculated (as pmol alanine larva"' h~') using

( 1 ) the measured rate of accumulation of radioactivity (as

disintegrations per minute after quench correction), (2)

the specific activity of the radiolabel, and (3) the number
of larvae per sample. The rate of alanine transport per
larva as a function of increasing alanine concentration

was plotted to determine the affinity (K,) and maximum
capacity (Jmax) of the amino acid transporter in antarctic

and temperate larvae.

Results

Metabolic rates during early development

During early development of 0. validus, from the bias-

tula (8 days) to late gastrula stage (27 days), there was an

increase in metabolic rate (Fig. 1A) measured at -1.4C.
The significance of this increase was determined using

analysis of variance for the data during that 1 9-day period

(variance ratio, VR = 6.80*. F005[i.23]
= 4.28). The data

for early bipinnaria (after 27 days) were not used in this

analysis of early development because the increase in res-

piration rate did not continue once the larval stage was

reached. For S. neumayeri (Fig. 1 B), there was an increase

in metabolic rate (VR = 8.28*, FO.O.MUS]
=

4.54) from the

unhatched blastula (4 days) to the gastrula stage ( 1 9 days).

The larval stage of A. hodgsoni (a bilobed bipinnaria,

Bosch and Pearse, 1990) had developed by 36 days. From
the early embryo (8 days) to the larval stage (36 days)
there was an increase (VR = 14.41***, /r005( i.24]

= 4.26)

in metabolic rate (Fig. 1C). However for P. charcoti, a

species with lecithotrophic development, no significant

change was measured in metabolic rate during the period

ofdevelopment studied (to 32 days) (Fig. ID, VR = 4.56
ns

,

^o.o5[i.io]
=

4.96). The lack of statistical significance may
be an effect of a smaller sample size for this species.

The metabolic rates of the bipinnaria larvae used for

the comparison of metabolic rates and amino acid trans-

port rates were 27.5 1.51 pmol O2 larva"' IT 1

(n
=

6)

for 5-day-old larvae of A. miniata (measured at 12C)
and 2.22 0.69 pmol larva'

1

h"
1

(n
= 4) for 42-day-old

larvae of 0. validus (-2C). These different ages of larvae

for the two species represent the same stage of develop-

ment (early bipinnaria) because ofthe slower development
rate of 0. validus relative to A. miniata. Errors given here

and throughout this paper (unless otherwise stated) are

one standard error of the mean (1 SEM).

Scaling of metabolic rates with biomass during early

development oj antarctic echinoderms

The scaling of metabolic rate to ash-free dry organic

weight (biomass) for embryos otS. neumayeri, O. validus,

A. hodgsoni, and P. charcoti is shown in Figure 2A. When
the log of metabolic rate (mean of all values for each spe-

cies from Fig. 1 ) was plotted against the log of biomass

(mean for each species), a slope of 0.66 0.213 (95%
confidence limit) was calculated. These metabolic data

can be described by the power function:

Metabolic rate = 3.14M -66

where metabolic rate is given as pmol CK individual"' h~'

and mass (M) has units of ng ash-free dry organic weight.

I 'olume to biomass relationship, and lipid and protein

content ofeggs ofantarctic echinoderms

The slope of the line describing the relationship of egg
biomass to egg volume is 0.917 (Fig. 2B). The egg di-

ameters for the five species used in this comparison were

obtained from the following reports: S. neumayeri from

Bosch el al. (1987), and A. hodgsoni, O. validus, P.fuscus,

and P. charcoti from Bosch and Pearse (1990). Values for

biomass and egg diameters used to construct Figure 2B
are given in Table IA for four of the five species (egg vol-

umes based on a sphere). The data point for the eggs of

P. fuscus is based on the following values: biomass
= 87.9 1.07 fig, diameter = 1200 /urn, volume = 904.7

X 10~
3 mm 3

.

The percent of the ash-free dry organic weight of eggs

that was composed of lipid and protein was calculated for

four asteroid species (Fig. 2C). Eggs of O validus had

equal proportions of lipid and protein, whereas eggs of

the three other species (all have lecithotrophic develop-

ment) had a greater proportion of biomass as lipid. The



402 F. M. SHILLING AND D T. MANAHAN

percent recovery of dry organic weight as lipid and protein

ranged from 65% (P. charcoti) to 89% (P. fuscus) i.e.,

1 1 to 35% of total dry organic weight was not accounted

for by the lipid and protein content of the eggs.

Changes in biomass, lipid, and protein content during

early development ofO. validus and A., hodgsoni

Embryos of O. validus in the three replicate cultures

had similar changes in biomass, lipid, and protein content

from the egg (0 days) to early bipinnaria larva (35 days)

(Fig. 3A). As stated earlier, one batch of eggs obtained

from several females was used to start all three of the

200-1 cultures. Biomass increased significantly (ANOVA.
VR = 83.13***, F

.o5[i.2i|
= 4.32) from the egg (0 days)

to the early gastrula stage (pooled data for 9, 10, and 12

day-old) and thereafter remained fairly constant (i.e., no

significant difference between gastrula and early larval

stage at d 35, VR = 2.24
ns

, Fomi32 ]

= 4. 12). The equation

for the fitted curve through all the biomass data points is

given in the figure legend. Linear regression analyses were

used to determine the rates of lipid and protein utilization

during early development of O. validus (regression lines

excluded for graphical simplicity. Fig. 3A). Lipid and pro-

tein content did not change significantly (determined by

ANOVA) from the egg to early larva (VRpmtein
= 0.22

ns
,

VR,,pld
= 0.09

ns
, n =

22).

For the first 42 days of development of A. hodgsoni,

lipid content did not change (Fig. 3B, VR = 0.0 l

ns
, n

=
25). Both protein content and biomass did, however,

decrease during this period. Protein decreased at a rate of

25.7 8.8 ng individual-' day'
1

(VR = 8.60**. FOM[tM]
=

4.32). Biomass decreased at a rate of 52.4 14.3 ng
individual"

1

d" 1

(VR = 13.49**, F005[l:2i]
= 4.28).

Transport ofalaninefrom seawater by larvae

of \. miniata and O. validus

The larvae of A. miniata had a maximal transport ca-

pacity (JmaJ for alanine of 17.15 pmol Mg~' h' 1

(at 12C),
whereas the J max for alanine by larvae of O validus was

6.51 pmol fig'
1 hT

1

(at -2C) (Fig. 4A). The affinities

(values of K,) of the alanine transport systems in larvae

of both species were similar (see slopes. Fig. 4B), at 1 .9 t

for A. miniata and 1.3 nM for O. validus.

(A)

Discussion

Lifespan ofembryos and larvae

Antarctic echinoderm larvae have to survive periods of

many months in a nutrient-poor water column (Olson el

ai, 1987;Pearserta/., 1991;Rivkin, 1 99 1 ). Survival under

such conditions should be difficult, especially for those

species with larval forms that require food to complete

development (e.g., O. validus and S. neumayeri). An es-
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Figure 2. Metabolic scaling, relationship of egg volume to biomass

(ash-free dry organic weight), and lipid and protein content of eggs of

antarctic echinoderms. Ah. Acodonlaster hodgsoni: Ov, Odontaster val-

idus: PC, Ps i/aster charcoti; Pf, Perknaster fuscus; Sn, Sterechinus neu-

mayeri (echmoid, closed circles). (A) Change in metabolic rate as a func-

tion of embryos' biomass, error bars represent 95% confidence limits of

the mean, where no error bars are shown errors fell within graphical

representation of data point. (B) Relationship of egg biomass to egg vol-

ume. (C) Lipid and protein content of eggs as percent of biomass with

95% confidence limits.

timate of larval life span under starvation conditions can

be obtained by calculating how long the maternal endow-

ment of energy reserves initially present in the egg could

supply the metabolic demand (rates of respiration) ofem-

bryos and larvae. Starvation conditions are defined here

as the absence of any dietary inputs, either in paniculate

form or as dissolved organic material. The energy available

as biomass in the eggs of species with planktotrophic and

lecithotrophic modes of development was compared to

the metabolic rates of those same species during early

development (Table I). The time it would take to deplete
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Table I

403

Calculation o! the duration of /anal life span: (A) far the antarctic echinoderms Acodontaster hodgsoni, Odontaster validus, Psilaster charcoti, and

Sterechinus neumayeri. (B) For temperate echinoderms Asterina miniata and St.ongylocentrotus purpuratus

(A) Antarctic species:

Species O. validus S neumayeri A. hodgsoni P. charcoti

Egg size' (Mm) 170 179 550 950

Egg biomass2

(Mg + SEM) 0,63 0.018 0.69 0.032 30.1 0.06 81. 3 1.91

Metabolic rate
3
(pmol O2 ind.-' IT') 2.94 + 0.18 2.90 0.33 26.1+2.26 63.9 + 5.09

Biomass depletion
4
(ng ind."' day"') 1.08 1.06 9.55 23.4

Time to deplete 50% of egg biomass ( months) 9.8 10.8 52.5 58.0

(B) Temperate species:

Species A. miniata S purpuratus

Egg size
1

(jim)
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Dry organic weight

3.

"TO

Dn

Lipid & protein

O -

20

Age (days)

(B)
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Table II

Mass-specific metabolic rates and mass-specific rates ofalanine transport for bipmnaria lan'ae o/"Odontaster validus (42-day-old) and Asterina

miniata (5-dav-old)

O. validus (-2C) A. miniata (12C)

Metabolic rate'
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crease in lipid or protein content of O. validus during the

period of biomass increase. The biomass increase of O.

validus is probably not due to a gain in carbohydrate, as

marine invertebrate eggs and embryos do not contain

much of this energy reserve (Holland, 1978; McClintock

and Pearse, 1986; Jaeckle and Manahan, 1989; Shilling

and Manahan, 1990). An alternative explanation for the

observed increase in biomass of O. validus is that the in-

crease is an artifact of the measurement techniques used

and that the values for biomass are too small for stages

less than 5 days old (Fig. 3A). The observed differences

between stages might be due to differences in drying pro-

cedures. This possibility can be eliminated, however, be-

cause all samples from the three different cultures were

kept frozen until they were all analyzed (dried and ashed)

at the same time. The possibility of growth during early

development of antarctic echinoderms deserves consid-

eration and further testing because at this time we can

offer no physiological mechanism that might explain the

observed large biomass increase of stages of O. validus

lacking a digestive system. Pending further studies, we

stress the simpler interpretation of these data: none of the

metabolic needs during the early development of O. val-

idus can be explained through the catabolism of biomass

initially present in the egg.

The possibility of growth for stages lacking a digestive

system may be specific to only certain species of antarctic

echinoderms. A species that has a lecithotrophic mode of

development (A. hodgsoni) had no increase in biomass

during the first 42 days of development (Fig. 3B). It is

noteworthy that lipid content did not decrease during this

time, a finding consistent with the data showing no de-

crease in lipid content during 35 days of development of

O. validus (Fig. 3A). Although lipid is a major reserve in

eggs and larvae of marine invertebrates (Holland, 1978),

it is not used during the early development of these ant-

arctic species even though the lipid content is high in eggs

of species with lecithotrophic development (McClintock

and Pearse, 1986; Fig. 2C of this study). For these two

species of antarctic echinoderm, we find no evidence for

the widely held view that lipid is the major energy reserve

used during development.
In conclusion, developing antarctic echinoderms can

survive for months to years by relying solely on the energy
reserves present in the egg. In the episodic food-environ-

ment of the southern ocean, the larvae could survive long

periods of starvation.
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